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SUMMARY

The primary purpose of this work is to study the visual signature of several representative
ground combat vehicles. The principal focus is the acquisition and analysis of luminance and
polarization data for reflected light from the target and background surfaces. A major goal is
to characterize vehicle visual signatures in terms of regions with high luminance contrast.
These high contrast areas in turn increase vehicle detectability and in many cases become
prominent cue features for tireat observers. Three vehicles were selected for extensive data
acquisition and analysis: the M60 tank, the Marine Corps amphibious Light Armored Vehicle
(LAV25), and the MI Abrahms tank. In addition, luminance reflectance measurements were
made on several sample plates with chemical agent resistant coating (CARC) paints.

The scope of this work included several thousand luminance measurements for the three
vehicles relative to sky, concrete, dirt-gravel, grass and tree backgrounds. Extensive
measurements were made over the diurnal time period between 08:00 and 15:00 hours.
Several different sky conditions including cloud cover, haze, overcast and clear were
conducted during the summer months at the U.S. Army Tank-Automotive Command
(TACOM) in Warren, Michigan. Luminance data was acquired for four different ranges at
30, 100, 200 and 330 feet. Several different vehicle orientations were used for diurnal data
acquisition. Additional data included laboratory reflectance measurements using a xenon arc
lamp on an optical table. Other investigations included a diurnal photographic record of
relative contrast variations as a function of solar position and vehicle orientation.

The data acquisition process included point by point luminance measurements made with a
Minolta luminance meter LS-100 with a one-degree acceptance angle. A polarization axis
finder, consisting of circular concentric linear polarizers, determined quantitatively the
polarization angle and qualitatively the degree of polarization. A diurnal record of the sky
polarization was recorded using the polarization axis finder.

Additional investigations included a comparison of reflected luminance data for new and old
CARC painted surfaces. Specifically, the older painted surfaces were approximately
25 percent brighter than a freshly-painted panel prepared in an otherwise identical fashion.

I An analysis of the photographic data shows that many edges with high luminance contrast
result from specular reflections. Furthermore, the specular reflected light is in many cases
highly polarized. The specular glare is reduced by adjusting the transmission axis of the
viewing polarizer perpendicular to the polarization vector of the reflected light. Similarly,
the apparent edge contrast increases by adjusting the polarizer parallel to the polarization
vector. Edges with different paint colors have similar specular reflection coefficients. The
specular reflected light shows characteristics of "whitening" with very little absorption by the
pigment material- Controlling edge contrast is important for limiting recognition and

* identification capabilities of threat observers.

I
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A linear polarizer was attached to the shaft of small DC motor rotating at 32 rpm. The
entire unit was positioned in front of a video camcorder to determine the angular position
for minimum and maximum transmission through the polarization filter. When the degree of
polarization is large, an *apparent flashing* was observed for the reflected light originating
from certain regions on the vehicle. Subsequent analysis indicated that this phenomena was
more pronounced on 5haded regions not directly illuminated by the sun. The indirect sky
illumination emanating 90' from the orientation of the sun is highly polarized and accounts
for the large variations in camcorder intensity. Direct solar illumination has a small degree
of polarization; consequently, most observations of sunlit surfaces show very little "flashing"
except for specular reflections. The degree of polarization for this case is greatest at the
Brewster angle and less pronounced at the angle of specular reflection. If the incident light,
however, is highly polarized, then the "flashing' effect is more pronounced even at
nonspecular angles. An important feature is that shadowed regions on the vehicle have a
lower average luminance while the "flashing" effect is more pronounced, resulting in a high
contrast temporal cue feature.

2
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INTRODUCTION

Contrast is one of many factors which influences the ability to detect targets. All successful
models which predict the probability of detecting targets will contain a contrast term.

The following equation was used to calculate contrast throughout this report:

LT -LB

LB

where C = Contrast
* LTr = Luminance of target

LB = Luminance of background

Luminance is defined as:

1. The quality or state of being luminous
2. A measure of the brightness of a luminous surface, measured in candela (cd) per unit

area
3. The photometric analog of radiance
4. A measure of the amount of visible light emitted from an extended source into a given

solid angle and incident on a receiving surface (measurements are weighted via the CIE
curve)

5. The luminous flux (lumens) per unit solid angle emitted per unit projected area of the
source

The luminance unit cd/m 2 is used exclusively throughout this study. The following are
conve-"sions to other units:

Units for Luminance

1 cd/m 2 = 1 nit = 0.292 footlambert
1 lambert = I cd/l cm2 = I X 104 cd/r m 2 =3183 nit
1 footlambert = 1 cd/r ft2 = 3.426 nit

The candela (cd) is an international unit for luminous intensity. It is one sixtieth of the
luminous intensity of a square centimeter of fused thoria, a white oxide of the element

* thorium, maintained at 2046 K, the temperature of freezing platinum under a pressure of
* 101.325 newtons per square meter.
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Figure 1 shows the luminance meter
used for all studies. The settings used
for tl& Minolta Luminance Meter LS-
100 were as follows:

Calibration: PRESET AP

Measuring Mode: ABS
Response: FAST (two seconds)

The LS-100 has a one percent acceptance
angle and measurements are virtually
unaffected by light sources outside the
measurement area. The photocell
measures light received by the lens and
is filtered to closely match the CIE
Relative Photopic Luminosity Response.

A tripod was used to stabilize the meter. 7' R,

A Minolta Data Printer DP-10 was used
to reduce the time required between _ _-._ _ _

successive readings and to produce a Y,
hard copy of the data. The DP-10 was
placed inside the holding strap of the LS-
100 to eliminate the need for a table or
an extra pair of hands. Figure 1

Minolta Luminance Meter LS-100 and
Data Printer DP-103 The first nine studies include:

1. Diurnal measurements of the luminance from an M60, an Ml and a LAV25
2. Diurnal measurements of the luminance from sky, trees, grass, concrete and dirt-gravel
3. Calculations of the contrast between these vehicles and the backgrounds measured
4. kn analysis of the contrasts obtained
5. Analysis of diurnal photographs of an Ml

Three days were devoted to the acquisition of luminance data for reflected light from each of
the three vehicles. Table I gives a summary of the content and conditions of each study.
The cardinal directions within the parentheses of Table 1 refer to the orientation of the
vehicle. For example, (north) indicates that the metered side of the vehicle was facing north
during metering. The luminance meter pointed in the opposite direction.

These nine studies, as a whole, were not planned in advance but were done "on the run."
After luminace data was collected and analyzed for one study, the next study was designed.
Each study began as a phenomenological study; a search for high contrast areas which can3 become prominent cue features for threat observers.
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In ald of the studies where tie metered side of the vehicle was facing east, 50 luminance
readings were taken randomly of a wooded area directly behind the vehicle. Readings were
acquired from left to right using an up and down scanning pattern.

3 Table 1. Summary of Study Cortent and Conditions

I Vehicle/Backgrounds Date/Sky Conditions Meter Range(s)

M60 (north) 09 JULY. 1990 36'
Sky, Grass, Trees, Concrete and Dirt Clear 10:30-11:30, Cloudy 11:30-15:30

M60 (north) 12 JULY, 1990 36'
Sky, Grass, Trees, Concrete and Dirt Overcast 9:30-15:00

M60 (north) 17 JULY, 1990 36'
Sky, Grass, Trees, Concrete and Dirt Hazy, Cloudy, Overcast 9:00-15:15

M1 (north) 07 JULY, 1990 36'
Sky, Grass, Trees, Concrete and Dirt Hazy 9:00-12:00, Overcast 12:00-15:00

M1 (east) 01 AUGUST, 1990 36, 100, 200 and 330'
SS, Grass and-Trees Clear Skies 10:00-15:30

MI (east) 06 AUGUST, 1990 36, 100, 200 and 330'
Sky, Grams and Trees Overcast 10:00-15:30

LAV25 (east) 23 JULY, 1990 36, 100, 200 and 330'
Tiees Clear 10:00-11:00, Cloudy 11:00-15:00 Trees 36' only

I LAV25 (east) 24 JULY, 1990 36, 100, 200 and 330'

Sky, Grass, Concrete and Trees Clear Skies 9:00-11:30 Trees 36 & 200'

(east) 26 JULY, 1990 36, 100, 200 and 330'
Sky, Gramss, Cofcrete and Trees Hazy 9:30-12:30, 12:30-14:30 Concrete 36 & 100'

I All studies were conducted at the U.S. Army Tank-Automotive Research, Development and
Engineering Center in Warren, Michigan in the vicinity of building 200C and were
conducted during Eastern Daylight Standard Time.

All photographs were taken with a Canon Al set for automatic exposure. The camera was
fitted with a Canon Zoom Lens FD 28-85 mm and loaded with Kodak TMAX 400 film.

When two nonparallel surfaces of a vehicle meet, a rounded edge is formed. Under the right3 conditions, this edge may appear as a white line and can be used as a cue feature for threat
observers. The "Glare and Edge Effect" study represents an initial investigation of the
factors producing this phenomena and the naLure of the light leaving the rounded edge.

II5
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In the study "Horizontal and Vertical Polarization of the MIAI", diurnal luminance readings
and photographs were acquired for the MIAl turret and skirt areas from 08:30 to 16:00 at
thirty minute intervals under clear skies. The photographs show pictorially how luminance,
contrast, shadows and shading vary diurnally over the elevated areas of the vehicle. The
luminance data includes readings both without a polarizer and through a polarizer with its
transmission axis oriented horizontally and vertically. This study also includes photographs
of the Eastern hemispherical sky at a 300 altitude taken through a polarization axis finder.
This study initiates the idea that the polarization of the sky is the major source of polarized
light reflected from the Ml A 1.

The "Luminance, Polarization and Chromaticity Study on 15 July, 1991" was conducted to
determine the degree and nature of linearly polarized reflected light from a CARC-painted
M1AI. The study was also designed to determine how the three coordinates of the CIE
Chromaticity Diagram vary diurnally for three different facets on the M1Al and two
backgrounds; a grass area and three tree areas. Data was collected simultaneously by two
researchers. One used the Minolta LS-100 luminance meter fitted with a linear polarizer and
the other used the Minolta CS-100 chromaticity meter. The range of the MIA1 and grass
area was 36 feet. The range of the tree area was approximately 1000 feet. Data was
collected at 30-minute intervals from 08:00 to 14:30. Skies were clear until 12.00; cloudy
and overcast after 12:00. This study also describes the results of video tapes obtained by
positioning a rotating (32 rpm) linear polarizer in front of a camcorder. This study was
designed to determine when and where the greatest degree of reflected polarized light can be
detected from a ground vehicle. When polarized light passes through the rotating linear
polarizer a "flicker" effect is produced. The degree of "flicker" is a measure of the degree
of polarization.

To obtain a more comprehensive understanding of the luminance. and polarization of reflected
light from a CARC-painuwd surface, under controlled conditions, a nine-by-ten inch steel
plate was prepared and painted using the same procedures and materials as would be used for
a combat-prepared M1A1. A luminance comparison test was conducted using two weathered
M1AI areas and the newly painted surface. Diurnal measurements of the luminance from
the two MIAI areas and the CARC-painted steel plate positioned adjacent to these areas can
be found in the study "Luminance of New and Old CARC-Painted Surfaces." Data was
collected from 08:00 to 15:00 at 30-minute intervals under clear skies at a range of 36 feet.

Three goniophotometric studies of the CARC-painted steel plate were designed to acquire
information on the light distributing properties of the sample illumniated by sunlight. The
first, "Azimuthal Study", shows how luminance is affected by changes in the azimuthal
viewing angle when the altitude of the viewing angle (30*) is constant. Data was acquired at
12:00 under clear skies. The study "Goniophotometric Readings in the Plane of Incidence"
shows how luminance is affected by changes in the surface altitude of the viewing angle for
readings in the plane of incidence. The study "Goniophotometric Readings Perpendicular to
the Plane of Incidence" shows how luminance is affected by changes in the surface altitude of
the viewing angle for readings perpendicular to the plane of incidence.

6,
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The last two studies of this report were designed to acquire information on the light
distributing properties of the CARC-painted steel plate without the influence of sky
conditions. These studies were conducted inside, in a darkroom setting, using a Xenon light
source as the only source of illumination.

The study "Luminance from a CARC-Painted Sample Using Xenon Light" consists of two
different kinds of measurement. In the first part of the study, luminance readings were
acquired outside the plane of incidence using a linear polarizer in front of the Xenon light
source with its transmission axis horizontal. The collimated Xenon light rays made a 40'
angle with the horizontal and the meter slope was adjusted to produce luminance readings at
angles of 0°, 100, 200 and 30° from the horizontal. The CARC-painted sample was
positioned in a vertical plane at all times and was rotated about a vertical axis producing a
range of azimuthal angles between 00 and 90' in 10-degree increments. The azimuthal angle
of the meter was held constant at 40*. in the second part of the study, luminance
measurements were acquired in the plane of incidence using horizontal, unpolarized light

M from the Xenon light source. The luminance meter was also positioned to acquire readings
from the horizontal. The CARC-painted sample was positioned in a vertical plane at all
times and was rotated about a vertical axis producing a range of azimuthal angles between 0*
and 900 in 10-degree increments. The luminance meter was positioned to produce azimuthal
angles of 40 °and 60'.

The purpose of the study "Polarization Axis of Reflected White Light from a CARC-Painted
Sample" was to determine how the degree of polarization and the polarization angle are
affected by changes in azimuthal viewing angle when the altitude of the viewing angle is
constant. The source of light for this study was a collimated Xenon light source with a
linear polarizer placed in front of the collimating lens. Both the luminance meter and the
Xenon light source were positioned with a 40° slope. Azimuthal angles ranged from 200 to3 1800 in 20-degree increments. The polarization axis of the incident light ranged from 00 to
900 in 10-degree increments. All of the data for this study is in the form of photographs of
reflected light passing through a polarization axis finder. The polarization axis finder
determines the polarization axis of linear polarized light and visually indicates the intensity of
polarization. As a first attempt at quantifying observations, this study compares
experimental results with a modified version of Fresnel's laws of reflection.

/ 3
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I M60 STUDIES

* Figure 2 shows the setup used to obtain luminance readings for the three studies involving
/ U the M60 tank. The I.S-100 was positioned 36 feet from a stationary M60. The M60 was

not moved during the three days of data collection. The M60 side was facing north and the
LS-100 was pointed toward the south.
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Figure 3
Position and Area of Luminance Readings for M60 Studies

The circled numbers of Figure 3 show the position and measurement area used for all M60
studies. The LS-100 measurement area is approximately the same as is circled on the
photograph.

U Area #9, tree background, does not show in the photograph. Area #9 is located to the far
right (west) of the M60. This tree line is oriented along a north-south line. The LS-1003 meter pointed toward the west when area #9 was measured.

The M60 side was facing north and metering was toward the south.

Two studies were conducted on 17 July, 1"990. To Jistinguish between them, they will be
referred to as Study A and Study 3. Study A consisted of 10 luminance readings taken every3 15 minutes. Study B consisted of 44 !uininance readings taken at 10:35, 11:35 and 13:05.

Study 09 July, 1990 Overcast 10:30 - !1:00, Partly Cloudy 11:30 - 15:30

This is the only study for which the DP-10 Data Printer was not used. Luminance readings
for the same area were observed during a 15-second time interval and only the minimum ard
maximum values were recorded. Graphs, contrast calculations and analysis for this study are3 based on the averages of these minimum and maximum readings.
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M60 Study of 09 July, 1990

Table 2. Summary of Luminance Readings for 09 luly, 1990
(Clear Skies 10:30 - 11:30, Cloudy 11:30 - 15:30)

Measurement Range of Average Standard
Area Measurements Luminance Deviation

S (cd/m2) (cd/m2 ) .... ...........

#1 (Sky) 5,500 - 14,600 10,609 2,903

#2 (M60 Turret) 574 - 1,400 917 176

#3 (M60 Turret) 640 - 1,150 857 135

#4 (M60 Turret) 380 - 660 508 84

3 #5 (M60 Wheel) 210 - 466 336 68

#6 (Concrete) 1,100 - 6,100 3,405 1,533

3 #7 (Dirt-Gravel) 1,320 5,900 3,816 1,523

#8 (Grass) 1,020 2,780 2,011 632

# 1/9 (Trees) 250 - 1,000 558 166
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M60 Study of 09 July, 1990 (Clear Skies 10:30 - 11:30, Cloudy 11:30 - 15:30)
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Table 3. Summary of Contrast Calculations for 09 July, 1990
(Clear Sides 10:30 - 11:30, Cloudy 11:30- 15:30)

3 Targ./Backg. #2/Sky #3/Sky #4/Sky #5/Sky

Minimum -0.946 -0.954 -0.971 -0.978

Maximum -0.818 -0.813 -0.897 -0.930

Average -0.905 -0.911 -0.948 -0.966

Std. Dev. 0.043 0.040 0.021 0.013

Targ./Backg. #2/Concrete #3/Concrete #4/Concrete #5/Concrete

Minimum -0.890 -0.875 -0.910 -0.930

Maximum -0.293 -0.280 -0.574 -0.825

Average -0.652 -0.675 -0.813 -0.885

Std. Dev. 0.187 0.184 0.101 0.039

Targ./Backg. #2/Dirt #3/Dirt #4/Dirt #5/Dirt

Minimum -0.889 -0.874 -0.919 -0.937

Maximum -0.402 -0.317 -0.596 -0.830

Average -0.697 -0.709 -0.832 -0.898

Std. Dev. 0.163 0.176 0.097 0.040

Targ./Backg. #2/Grass #3/Grass #4/Grass #5/Grass

Minimum -0.791 -0.762 -0.851 -0.885

Maximum -0.075 -0.211 -0.527 -0.663

Average -0.488 -0.512 -0.712 -0.817

Std. Dev. 0.197 0.203 0.120 0.065

I Targ./Backg. #2/Trees #3/Trees #4/Trees #5/Trees

Minimum -0.084 -0.175 -0.535 -0.641

Maximum 2.046 1.724 0.611 0.143

Average 0.783 0.713 0.015 -0.354

Std. Dev 0.587 0.639 0.384 0.205

I

!1

I



M60 Study of 12 July, 1990

Table 4. Summary of Luminance Readings for 12 July, 1990
(Oercast 9:30-15:00)

Measurement Range of Average Standard
Area Measurements Luminance Deviation

(cd/m2) (cd/m2 )

#1 (Sky) 3,570 - 15,400 10,177 4,396

#2 (M60 Turret) 440 - 1,110 769 167

#3 (M60 Turret) 470 - 1,170 853 187

44 (M60 Turret) 255 - 730 475 129

#5 (M60 Wheel) 125 - 503 297 98

#6 (Concrete) 630 5,100 2,647 1,346

#7 (Dirt-Gravel) 440 - 5,500 2,479 1,603

#8 (Grass) 550 - 3,060 1,946 839

#9 (Trees) 170 - 1,150 672 312
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u M60 Study of 12 July, 1990 (Overcast 9:30-15:00)
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Table 5. Summary of Contrast Calculations for 12 July, 1990
(Overcast 9:30-15:00)

Targ./Backg. #2/Sky #3/Sky #4/Sky #5/Sky

Minimum. -0.955 -0.947 -0.969 -0.983

Maximum -0.845 -0.828 -0.905 -0.938

Average -0.909 -0.900 -0.947 -0.967

Std. Dev. 0.040 0.043 0.019 0.012

Targ./Backg. #2/Concrete #3/Concrete #4/Concrete #5/Concrete

Minimum -0.844 -0.823 -0.881 -0.921

Maximum -0.303 -0.254 -0.587 -0.802

"Average -0.633 -0.597 -0.784 -0.871

Std. Dev. 0.162 0.170 0.081 0.038

Targ./Backg. #2/Dirt #3/Dirt #4/Dirt #5/Dirt

Minimum -0.856 -0.837 -0.888 -0.927

Maximum 0.067 0.156 -0.409 -0.700

Average -0,521 -0.476 -0.725 -0.838

Std. Dev. 0.292 0.309 0.145 0.073

Targ./Backg. #2/Grass #3/Grass #4/Grass #5/Grass

Minimum -0.787 -0.764 -0.859 -0.902

Maximum -0.127 -0.055 -0.536 -0.755

Average -0.532 -0.485 -0.724 -0.834

Std. Dev. 0.182 0.190 0.081 0.038
Targ./Backg. #2/Trees #3/Trees #4/Trees #5/Trees

Minimum -0.316 -0.242 -0.547 -0.747

Maximum 2.400 2.500 0.550 -0.125

Average 0.440 0.581 -0.159 -0.493

Std. Dev 0.711 0.740 0.312 0.159
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i M60 Study A on 17 July, 1990.

Table 6. Summary of Luminance Readings for Study A on 17 July, 1990
(Hazy, Cloudy, Overcast 9:00-15:15)

Measurement Range of Average Standard

Area Measurement3 Luminance Deviation
(cd/m2) (cd/m 2 )

#1 (Sky) 5,850 - 16,600 10,575 3,134

#2 (M60 Turret) 690 - 1,520 1,081 276

1#3 (M60 Turret) 690 1,575 1,032 265

#4 (M60 Turret) 305 - 950 478 165

#5 (M60 Wheelý 192 - 510 310 94

#6 (Concrete) 2,700 - 5,100 3,673 639

#7 (Dirt-Gravel) 1,325 - 4,280 2,669 832

#8 (Grass) 2,200 - 3,700 2,964 348

#9 (Trees) 685 - 1,120 836 102

#10 (M60 Base) 1 01 - 321 180 50
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M60 Study A on 17 July, 1990 (Hazy, Cloudy, Overcast 9:00-15:15)
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Table 7. Summary of Contrast Calculations for Study A or, i7 July, 1990
(Hazy, Cloudy, Overcast 9:00-15:15)

Targ/Backg #2/Sky #3/Sky #4/Sky #5/Sky #10/Sky

Minimum -0.951 -0.948 -0.970 -0.986 -0.988

Maximum -0.740 -0.756 -0.930 -0.955 -0.974

Average -0.882 -0.890 -0.954 -0.970 -0.983

Std. Dev. 0.063 0.055 0.011 0.006 0.003

Targ/Backg #2/Concr. #3/Concr. #4/Concr. #5/Concr. #10/Concr.

Minimum -0.840 -0.831 -0.917 -0.955 -0.965

Maximum -0.469 -0.500 -0.733 -0.853 -0.926

U Average -0.695 -0.710 -0.869 -0.915 -0.951

Std. Dev. 0.099 0.091 0.043 0.024 0.010

Targ/Backg #2/Dirt #3/Dirt #4/Dirt #5/Dirt #10/Dirt

Minimum -0.794 -0.791 -0.880 -0.941 -0.947

Maximum 0.147 0.079 -0.626 -0.794 -0.900

Average -0.526 -0.555 -0.813 -0.879 -0.930

Std. Dev. 0.264 0.237 0.061 0.032 0.014

Targ/Backg #2/Grass #3/Grass #4/Grass #5/Grass #10/Grass

Minimum -0.777 -0.772 -0.894 -0.937 -0.960

Maximum -0.399 -0.435 -0.730 -0.841 -0.897

Average -0.630 -0.648 -0.839 -0.896 -0.940

Std. Dev. 0.108 0.098 0.047 0.026 0.013

Targ/Backg #2/Trees #3/Trees #4/Trees #5/Trees #10/Trees

Minimum -0.244 -0.218 -0.627 -0.771 -0.884

Maximum 1.040 0.879 -0.052 -0.478 -0.625

Average 0.310 0.243 -0.433 -0.632 -0.786

Std. Dev 0.366 0.318 0.159 0.088 0.047
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Figure 22
Position and Area of Luminance Readings for Study 8 on 17 July, 1990

"The circled numbers of Figure 22 show the positdon of the 44 luminance measurements acquired
at 10:35, 11:35 and 13:05 on 17 July, 1990. The LS-100 measurement area is approximately
the saime as is circled on the photograph.
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Table 8. M60 Luminance Study for Study B on 17 July, 1990

Area # Luminance (cd/m 2) Contrast Calculations (M60/Grass)

10:35 11:35 13:05 10:35 11:35 13:05
1 5541 ]4000 5969 0.835 3.795 0.907
2 2232 3249 5551 -0.261 0.113 0,773
383 587 1723 -0.706 -0.799 -0,4504 1227 851 694 -0.594 -0.709 -0,7785 1253 773 789 -0.585 -0.735 -0.748
6 325 365 500 -0.892 -0.875 -0.840
7 29i 359 550 -0.904 -0.877 -0.8268 2290 1699 1295 -0.242 -0.418 -0.5869 507 441 569 -0.832 -0.849 -0.81810 1016 845 734 -0.664 -0.711 -0.765

11 519 519 636 -0.828 -0.822 -0.79712 293 320 484 -0.903 -0.890 -0.845
13 382 487 844 -0.874 -0.833 -0.730
14 396 506 1337 -0.869 -0.827 -0.57315 214 561 806 -0.929 -0.808 -0.742
16 469 574 957 -0.845 -0.803 -0.69417 328 423 361 -0.891 -0.855 -0.885
18 453 546 480 -0.850 -0.813 -0.847
19 340 334 408 -0.887 -0.886 -0.870
20 449 501 517 -0.851 -0.828 -0.83521 278 336 237 -0.908 -0.885 -0.92422 360 442 285 -0.881 -0.849 -0.909
23 295 322 397 -0.902 -0.890 -0.873
24 186 219 282 -0.938 -0.925 -0.91025 283 312 395 -0.906 .0.893 -0.874
26 249 234 364 -0.918 -0.920 -0.88427 182 221 289 -0.940 -0.924 -0.908
28 265 303 384 -0.912 -0.896 -0.877
29 191 205 290 -0.937 -0.930 -0.907
30 155 238 316 -0.949 -0.918 -0.899
31 261 297 407 -0.914 -0.898 -0.87032 238 257 354 -0.921 -0.912 -0.887
33 218 252 315 -0.928 -0.914 -0.899
34 179 189 256 -0.941 -0.935 -0.91835 174 151 219 -0.942 -0.948 -0.930
36 130 142 213 -0.)57 -0.951 -0.932
37 127 145 223 -0.958 -0.950 -0.929
38 147 185 267 -0.951 -0.937 -0.915
39 295 307 377 -0.902 -0.895 .0.88040 263 283 341 -0.913 -0.903 -0.891
41 248 265 342 -0.918 -0.909 -0.89142 249 268 359 -0.918 -0.908 -0.885
43 245 261 354 -0.919 -0.911 -0.887
44 258 280 366 -0.915 -0.904 -0.883

MINIMUM 127 142 213 -0.958 -0.951 -0.932
MAXIMUM 5541 14000 5969 0.835 3.795 0.907AVERAGE 566 774 746 -0.813 -0.735 -0.762ST. DEV. 893 2078 1139 0.296 0.712 0.364
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M60 Luminance for Study 8 on 17 July, 1990

M60 LUMINANCE M60 LUMINANCE
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SUMMARY OF M60 STUDIES

The largest luminance measurement for the M60 was 14,000 cd/m 2 . This reading was acquired
for area #1 (Figure 22 and Figure 26; Study B on 17 July, 1990; 11:35). Since the majority of
the luminance readings for the M60 were below 1,000 cd/m 2 , readings above
1,000 cd/m2 are most likely due to intense specular reflection.

Specular reflection exists when the majority of the light incident on a surface reflects sharply
away from the surface. The majority of the light leaving the surface travels in the same general
direction. Diffuse reflection exists when reflected light travels in many different directions.

Specular reflection by an M60 area is enhanced by the following conditions:

3 1. Smooth surface
2. Elevated position
3. Beveled, rounded shape

S.4. Light color
5. Location on east side of vehicle
6. Clearance from shadows

Area #1, area #2,... area #5 (Figure 22) satisfy these conditions and account for the very large
luminance readings acquired from them.

As the sun, relative to the M60, rises from the east and moves toward the west, different areas
on the MW0 exhibit intense specular reflection at different times. For exampie, the luminance of
area #3, located on the west side of the turret, increases from 10:35 to 13:05. Whereas, area #4,
located on the east side of the turret, decreases in luminance for the same period of time.

Luminajýice rea,'-ngs for the M60 decrease, in general, for areas closer to the ground (Figure 23,
Figure 25 and rigure 26; Table 8).

3 The alternating high and low luminance readings for area #16, area # 17,... area #22 (Figure 22
and Figure 23; Table 8) are due to the alternating colors in the camouflage pattern.

I The alternating high and low luminance readings for area #23, area #24,... area #44 (Figure 22
and Figure 23; Table 8) are primarily due to some areas being located in cavities. For example,
area #34, area #35 .... area #38 are located in cavities close to the bottom base of the MW0. These
cavity areas produced the lowest luminance readings (minimum = 127 cd/m 2;
maximum = 267 cd/m 2).

Figure 16, which relates to the regular study on 17 July, 1990, also suggests intense specular
reflection from turret areas during the morning hours (9:00 - 12:00). There is a significant

* diurnal change in luminance for area #2 (turfet) and area #3 (turret; Figure 3). Area #4 (turret)
and area #5 (wheel) do not show this kind of change. Although area #4 is also on the turret, it is
located on the west side of the turret on a flatter, darker area. Area #5 is close to the ground,

* located to the west of the luminance meter and is not smooth. Luminance readings from area #4
and area #5 are less likely to be affected by specular reflection.

I 22I ,



Figure 30 illustrates how specular reflection from area #2 and area #3 (Figure 3) decreased as die
sun rose and passed behind the M60. The luminance ratio of area #2 (turret) or area #3 (turret)
to area #5 (wheel) decreased by nearly 1.3/hr from 9:00 to 12:00 on 17 July, 1990. The sky
condition for this period of time was hazy.

Figure 29 illustrates how specular reflection from area #2 and area #3 was reduced by the
overcast sky condition on 12 July, 1990. The luminance ratio of area #4 (turret) to area #5
(wheel) not only remained nearly constant throughout the day on both days, but also was nearly
the same value on both days. The average luminance ratio, area #4/area #5, on 12 July, 1990
was 1.64. On 17 July, 1990 the average ratio was 1.55.

Sky conditions also contribute to variance in luminance. During the study of 9 July, 1990,
luminance readings were observed for 15-second intervals for each target and background
measured. Even though the sky condition did not appear to change visually during this time
interval, variance in luminance occurred to the extent shown in Table 10 below.

Table 10. Largest Difference in Luminance Readings for 9 July, 1990

Moos. #1 #2 #3 #4 #5 #6 #7 a 9
Area Sk, Turret Turret Turret Wheel Cancr. Dirt Grass Trees

Minimum 8600 830 980 540 280 2000 5100 1450 600
(cd/u 2

)

MaXimin 9200 1150 1150 630 330 3000 5300 1650 1000
(cd/rn2 )

Average 8900 990 1065 585 305 2500 5200 1550 800
(cd/= 2

)

, Diff. 600 320 170 90 50 1000 200 200 400_ ~(cd/ml)

% Diff. 7 32 16 15 16 40 4 13 50

Tim. 13:00 10: 30 11:00 11:00 11:30 1: 00 15:00 11:00 12: 00

The '% Diff.' row of Figure 10 was obtained using: Max-min x 100Average

The 'Time row' indicates the time when the largest luminance difference occurred on 9 July,
1990 during the 15-second observing interval.

An interesting phenomenon was observed when cumulus clouds approached the sun.
Luminance readings were observed to increase. The clouds, behaving as mirrors, reflected
more light onto a target area than would be produced by light coming directly from the sun
alone.

Figure 10 also illustrates the effect of sky conditions on luminance readings. Openings in the
cloud cover on 12 July, 1990 produced considerable variance in the luminance readings. As
mentioned earlier, overcast sky conditions do, however, tend to make the luminance ratios
more constant (Figure 29 and Figure 30).
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3 Table 9. Summary of M60 Luminance Readings (excluding Study B of 17 July 1990)

Measurement Luminance (ed/m2) measurement Luminance (cd/m2 )

Area Area
(Targets) Min Max Avg (Backgrounds) Min Max Avg

#2 (Turret) 440 1,520 92? #1 (Sky) 3,570 16,600 10,520

#3 (Turret) 470 1,575 914 #6 (Concrete) 630 6,100 3,242

#4 (Turret) 305 950 487 #7 (Dirt) 440 5,900 2,988

#5 (Wheel) 125 730 314 #8 (Grass) 550 3,700 2,3073 #10 (Base) 101 321 180 #9 (Trees) 101 1,150 689

I

I M60 LUMINANCE RATIOS M60 LUMINANCE RATIOS

OVERCAST HAZY - CLOUDY - OVERCAST

3 L 7-L7
U UM 6.

NN
A A

T T

C 4 C 4
E I

0 0'
02 13: 100 1 ýt a &.0 14,0 1 ii i i8i i .0

* 1O•0 I110 11:00 11:00 1 :00 14:00 18:00

TIME OF DAY (12 JULY 90) TIME OF DAY (17 JULY 90)

S01- 6 0/ 03/1S - 04/#G - #2/06 * 03/#$ -' #4/#6

Figure 29 Figure 30
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Contrast values for the M60 varied considerably; for a given area and for the entire vehicle.
From Table 8, using grass as a backgrund, the largest variance in contrast for a single area
was acquired from area #1 (Figure 22; Range of contrast: +0.835 to +3.795). The higher
elevated eastern turret areas always produced the greatest variance in contrast. When
considering the contrast of the M60 as whole, using a grass background, the range of
contrast extends from -0.951 (area #36; Figure 22) to +3.795 (area #1; Figure 22).

The range of contrast, using trees as a background, extends from -0.242 to +2.50 for area
#3 (Figure 3; Table 5). Of the five backgrounds measured, the trees produced the greatest
variance in contrast. As mentioaTed earlier, the tree line was oriented along a north-south
line and the M60 along an east-west line. This orthogonal relationship does not appear to
have any relevance to the shape of the tree background contrast curves of Figure 31, Figure
32 or Figure 33. The shapes of the contrast graphs for M60 targets and grass background,
Figures 9, Figure 15 and Figure 21, look similar to the corresponding tree background
contrast graphs of Figures 31, Figure 32 and Figure 33. As will be seen in later studies, the
range of luminance readings for the trees in the M60 studies (100 - 1000 cd/m 2) are similar
to those obtained in studies for the MI and LAV25.

The least variance in contrast occurred between the M60 and the sky. Tliis is expected,
since the sky luminance is approximately 10 times greater than the M60. The range of
contrast values, using a sky background on 17 July, 1990, was from -0.74 to -0.95 (Table 7;
area #2/Sky).
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..... M1 STUDIES

Study 19 July, 1990 Hazy 9:00-12.00, Overcast 12:00-15:00

Two studies were conducted on 19 July, 1990. To distinguish between them, they will be
referred to as Study A and Study B. Study A consisted of 11 luminance readings taken every
15 minutes from 9:00 to 15:00. Study B consisted of 45 luminance readings taken every
30 minutes from 10:05 to 15:05.

Figure 34 shows the setup used to obtain luminance readings for the two studies involving the
M1 on 19 July, 1990. The LS-100 was positioned 36 feet from a stationary M1. The M1 was
not moved during data collection. The MI side was facing north and the LS-100 was pointed
toward the south.

The circled numbers of Figure 35 and Figure 36 show the position and measurement areas used
for the 19 July, 1990 MI studies. The LS-100 measurement area is approximately the same as
is circled on the photograph.

Area #11 of Study A (tree background) does not show in the photograph. Area #11 is located
to the far light (west) of the MI. This tree line is oriented along a north-south line. The LS-
100 meter pointed toward the west when area #11 was measured.

The MI side was facing north and metering was toward the south.

I
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Figure 35
Position and Area of MI Luminance Readings for Study A on 19 July, 1990
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I Figure 36
Position and Area of Ml Luminance Readings for Study B on 19 July, 1990

* 29



M1 Study A on 19 July, 1990.

Table 11. Summary of Luminance Readings for Studv A on 19 July, i990.
(Hazy 9:00-12:00, Overcast 12:00-15:00)

Measurement Range of Average Standard
Area Measurements Luminance Deviation

(cd/rn 2 ) (cd/m2 )

#1 (Sky) 5,523 - 14,270 9,9005 2,659

I2 (Ml Turret) 639 - 1,763 1,354 306

#3 (Ml Turret) 381 952 710 131

#4 (M60 Turret) 690 - 1,950 1,401 29,

#5 (Ml Turret) 569 - 4,106 1,554 959

#6 (Ml Skirt) 387 - 989 719 130

#7 (Ml Wheel) 151 - 447 322 66

V 8 (Concrete) 1,110 - 5,440 3,200 1,106

#9 (Dirt-Gravel) 875 - 4,293 2,205 856

E#0 (Grass) 899 - 3,311 2,503 629

#I1 (Trees) 385 - 1,350 1,064 270

MI LUMINANCE BACKGROUND LUMINANCE
RANGE - 36 FEET

15.00O1

4.500 1 14.000 -

4.~000 13.000 -
% 1.,000

34 1.500 11.00

3,-~ 000 -1,0

I 50.000

,900 o0 4 L L~o0 1±06 1t06 .a00 O 0. ±00 1•0@ 1t00 . 400 1&0O

TIME OF DAY (19 JULY 90) TIME OF DAY (19 JULY 90)

-- -4. I S -4- *4 - it -• C:ONCRUI ' ""1 31" i

I -• 41 -- * .--*4 -0 il.tl SIA 13311

Figure 37 Figure 38
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M1 Study A on 19 July, 90 (Hazy 9:00-12:00, Overcz.st 12:00-15:00)

M1 CONTRAST M1 CONTRAST
SKY BACKGROUND CONCRETE BACKGROUND
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Table 12. Summary of Contrast Calculations for Study A on 19 July, 1990

(Hazy 9:00-12:00, Overcast 12:00-15:00)

Targ./Backg. #2/Sky #3/Sky #4/Sky #./Sky #6/Sky #7/Sky

Minimuim -0.928 -0.949 -0.916 -0.910 -0.951 -0. 979

Maximum -0,781 -0.889 -0.777 -0.669 -0.880 -0.952

Average -0.857 -0.926 -0.853 -0.852 -0.924 -0.966

Std. Dev•. 0.037 0.013 0.034 0.058 0.016 0.007

Ta ck./Back&. #2/Concr # cr o/cncr #5/Concr #6/Concr #7/Concr

Mini-=u -0.068 -O,.834 -0. 656 , -0 . 09 -0.830 -0. 921

MaximL -0.424 -0. 583 -0.368 0. 020 -0. 597 -0.825

Average -0.554 -0. 754 -0.534 -0. 486 -0. 755 -0 892

Std. Dev. 0.072 0.072 0.091 0,266 0,067 0.026

Tar. ,'Back&. #2/Dirt #3/Dirt #4/Dirt #5/Dirt #6/Dirt #7/Dirt

Mininam -0.589 -0 778 -0.546 -0. 635 -0. 770 -0.896

Maxi --0.086 -0. 479 -0.072 0.275 -0 497 -0. 782

Average -0.348 -0. 650 -0.322 -0. 294 -0. 646 -0. 843

Std. Dev. 0,116 0.086 0.123 0.295 0.081 0.032

Targ./Backg. #2/Grass #3/Gras. #4/Grass #5/Grass #6/Grass #7/Grass

Mini-m -0.500 -0 760 -0. 497 -0.751 -0.756 -0.387

Max imm -0.289 -0. 576 -0. 232 0.241 -0.570 -0.830

Average -0.452 -0. 705 -0. 428 -0.365 -0.702 -0.868

Std. Dev. 0.041 0.058 0.061 0.323 0.052 0.018m inm m - =,,

TarA./Backg. #2/Trees #3/Trees #4/Trees #I/Trees #6/Troes #7/Trees

Minimu 0 046 -0. 488 0.072 -0. 500 -0. 475 -u 761

Maximum 0.660 0.081 0.792 2.124 0.039 -0.560

Average 0. 298 -0.297 0.357 0. 551 -0,291 -0. 686

3 "d. D rv 0.155 0.173 0.211 0.874 0.155 0.061

I
I
I
I
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M1 Study B on 19 July, 1990 (Hazy 9:00-12:00, Overcast 12:00-15:00)

MI LUMINANCE AT 10:05 MI LUMINANCE AT 10:35
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g Ml Study B on 19 July, 1990 (Hazy 9:00-12:00, Overcast 12:00-15:00)

I
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M1 Study B on 19 July, 1990 (Hazy 9:00-12:00, Overcast 12:00-15:00)
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3M1 Study on 19 July, 90 (Hazy 9:00-12:00, Overcast 12:00-15:00)
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SStudy 1 August, 1990 Clear skies 10:00 - 15:30

Figure 58 shows the position and surroundings of the M1 used for studies 1 August, 1990 and
6 August, 1990. The M1 and tree line were facing east. The LS-100 meter was pointed west
while luminance data was collected.

"Luminance readings were acquired for the MI and tree line using four different ranges from the
MI: 36 feet, 100 feet, 200 feet and 330 feet. Figure 59, Figure 60,...Figure 62 show the
approximate MI measurement area for these four ranges.

3 Fifty different luminance readings were selected from the tree line between the poles in
Figure 58. Readings were acquired from left to right using an up-down scanning pattern.

I
I

IFigure 58

Position and surroundings of the Ml used for studies 1 August, 1990 and 6 August, 1990. The
MI and tree line were facing east. The LS-100 meter was pointed west while luminance data
was collected.

I
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Pau7'

S~Figure 61

Approximate M1 Measurement Area for Study 1 August and 6 August, 1990.
Range =200 f~eet

IIt 4ri .~ .b&&, * : -

3 Figure 62

Approximate MI Measurement Area for Study I August and 6 Augut. 1990.
Range = 330 feet

I
When the word "average" occurs in the title for the graphs that follow, it will indicate that the
average luminance was used for constructing the graph.

All graphs involving the tree line were constructed using the average luminance of trIftv random
tree line luminance readings.
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M1 Study on 1 August, 1990 (Cleai Skies 10:00-15:30)

SMI LUMINANCE AT 10:00 MI LUMINANCE AT 11:00
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Ml Study on 1 August, 1990 (Clear Skies 10:00-.-1:30)

MI LUMINANCE AT 14:00 Ml LUMINANCE AT 15:00
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Ml Study on 1 August, 1990 (Clear Skies 10:00-15:30)
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M1 Study on 1 August, 1990 (Clear Skies 10:00-15:30)
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M1 Study on 1 August, 1990 (Clear Skies 10:00-15:30)

I
AVERAGE LUMINANCE OF MI AVERAGE LUMINANCE OF TREESI DIFFERENT RANGES DIFFERENT RANGES

1,40U, -

3.6000

3.000 1,204

1.100

-% 2.500 is 1.000

900

2.000 g100
U U*

I 1.500 600

. .' :300 ILO 0 1300 40

gTIME OF DAY (I AUG 1990) TIME OF DAY (I AUG 1990)

S36 it - 100 tI -I*- vla tt -42 •33 ti 36 ft -. , JOB It -m- =04 fj -4a 330 11

Figure 77 Figure 78

I LUMINANCE OF GRASS LUMINANCE OF SKY
DIFFERENT RANGES DIFFERENT RANGES

1 400 .000

.3000 6.000

log 2500 .200

1.600

1.,000 4 .000,

W) IN ' 111,0 1700 1ý."Qo 14,00 13:00 logo 104I:Q 12:00 13.'00 14:00 1ISAO

TIME OF LIAf ( AUG 1990) TIME OF- DAY (I AUTG 1990)

U f 4t• .-. M ff -, fl- Z 1 34 t • 36 Ht -6 100 "1 -*" 204 t'l -'Q 334 11

Figure 79 Figure 30

44i



MI Study on 1 August, 1990 (Clear Skies 10:00-15:30)
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M1 Study on 1 August, 1990 (Clear Skies 10:00-15:30)
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MI Study on 1 August, 1990 (Clear Skies 10:00-15:30)
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Table 13. M1 Area Luminance Analysis For Times 10:00 - 15:00 on 1 August, 1990

Range - 36 feet Range - 100 feet

Area # Avg. St. Dev. Area # Avg. St. Dev.

1 3388 897 1 2410 726
2 3493 856 2 2762 740
3 3480 895 3 2589 698
4 1946 1297 4 1774 1132
5 1249 677 5 1924 945
6 3064 1168 6 3090 951
7 3119 675 7 2291 705
8 3142 659 8 1066 517
9 1774 1174 9 1315 742

10 1822 1413 10 1985 1192
11 3605 1066 11 1795 1134

* 12 3496 966 12 1881 1187
13 2282 567 13 2117 1338
14 1637 530 14 1664 961
15 2021 1286 15 1811 1168
16 1870 1198 16 1864 1224
17 2402 1535 17 1864 1222
18 1813 1156 18 1945 1293
19 1961 1262 19 1890 1251
20 1995 1280 20 1927 1286
21 2061 1331 21 1879 1226
22 2002 1308 22 1818 118823 2001 1311 23 1851 122924 1908 1246 24 1800 1190

25 1161 839 25 1537 966
26 1413 948 26 792 516
27 2087 1370 27 709 486
28 2142 1403 28 678 452
29 2117 1386 29 740 53430 2127 1411 30 771 52931 2005 1322 31 800 526

32 2022 1326 32 817 561
33 1989 1311
34 1933 1273 Avg. 1692 932
35 1946 1253 St. Dev. 616 301
36 709 723
37 876 880
38 781 790

M 39 807 782
40 820 801
41 791 780
42 843 817
43 205 46
44 1396 107945 2165 1393

Avg. 1952 1060
St. Dev, 325 311
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Table 14. M1 Area Luminance Analysis For Times 10:00 - 15:00 on 1 August, 1990
Clear Skies AU Day.

Range - 200 feet Range - 330 feet

Area # Avg. St. Dev. Area # Avg. St. Dev.

1 1546 766 1 1529 801
2 1679 949 2 1748 871
3 2091 921 3 1600 808
4 1557 709
5 1398 808 Avg. 1626 827
6 1380 863 St. Dcv. 91 32
7 1455 906
8 1387 829
9 1614 1040

Avg. 1567 866
St. Dev. 210 95

The column heading 'Avg.' in Table 13 and Table 14 refers to the averages of six luminance

readings acquired between the times 10:00 and 15:00 for each measurement area.

The column heading ' St. Dev.' refers to the standard deviation.

Table 13 relates to Figure 59 and Figure 60. Table 14 relates to Figure 61 and Figure 62.

Table 15. Average Tree Line Luminance (cd/m2) on 1 August, 1990

Range 10:00 11:00 12:00 13:00 14:00 15:00 Avg.

36' 1113 1121 888 901 849 863 956

100' 1213 1226 979 991 899 786 1016

200' 1291 1150 995 928 906 837 1018

330' 1341 1272 1092 1024 972 1140 1140

Avg. 1240 1192 989 961 907 907 1033

S. D. 86 60 72 49 44 138 75
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i Table 16. Summary of Diurnal Luminance Ave-rages (cd/m 2) for I August, 1990

Clear Skies All Day.

Range Tim. Avg. Ml Avg. Tree Grass Sky

36 feet 10:00 7255 11IJ 2797 4724

36 feet. 11 : 00 2872 1121 2907 4382

36 feet 12:00 2075 888 2584 4256

36 feet. 13:00 1481 901 2497 4071

36 feet 14 :00 777 849 2546 5072

36 feet 15:00 579 863 2383 6272

36 foot Average 1845 956 2619 4796

36 faet 5td. Dev. 1005 115 179 736

100 f.ot 10:00 3035 1213 3461 4914

100 feet 11:00 2643 1226 3327 4657

100 feet. 12:00 1855 979 3103 4440

100 feet. 13:00 1308 991 2935 4784

100 feet 14:00 745 899 2703 5576

100 feet. 15:00 569 
7
86 2307 7072

100 feet Average 1693 1016 2986 5241

100 feet. Std. Dev. 917 159 393 891

200 feet 10:00 2866 1291 3729 5567

200 foet 11:00 2453 150 3454 5242

200 feet 12:00 1665 995 3237 49,2

U 200 feet 13:00 1207 928 2881 4866

200 feet. 14:00 653 906 2482 6189

200 feet 15:00 560 837 2323 7473
, ,__ _ _ _ _ _ ............ ..... .... ... ...... .. . .. ..

200 foeet Average 1547 1018 3018 5710

200 feet. Std. Dev. 862 156 505 905

330 feet 10:00 2879 1341 3477 5753

330 feet. 11:00 2461 1272 3190 5201

330 feet. 12:00 1756 1092 2774 5057

130 feet. 13!00 1206 1024 2676 5211

330 Zet. 14:00 801 972 2405 6389

330 feet 15:00 651 1140 2306 7928

330 foet Average 1626 1140 2805 5923

330 feet 3t.. Dev. 126 130 414 1004
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Table 17. Analysis of MI Turret Luminance Readings (cd/m2) on 1 August, 1990
Range = 36 feet. Clear Skies All Day.

Area # 10:00 11:00 12:00 13:00 14:00 15:00 Avg. Sd. Dev

1 4138 4226 3935 3563 2761 1704 3388 897
2 4317 4275 3999 3598 2817 1951 3493 856
3 4325 4317 4015 3581 2776 1867 3480 895
4 3719 3397 2282 1342 480 457 1946 1297
5 1767 2357 1446 854 685 386 1249 677
6 4318 4279 3557 2996 2212 1023 3064 1168
7 3750 3447 3525 3494 2695 1800 3119 675
8 3740 3560 3398 3524 2807 1820 3142 659
9 3707 2512 2254 1269 463 436 1774 1174

10 3243 3649 2726 624 376 312 1822 1413
11 4618 4606 4211 3732 2800 1665 3605 1066
12 4421 4414 4027 3593 2789 1732 3496 966
13 2924 2327 2500 2316 1815 1307 2282 567

Avg. 3768 3682 3221 2653 1960 1266 2758 947
St. Dev. 744 723 848 1154 1013 625 789 255

Table 18. Analysis of MI Turret Luminance Readings (cd/m 2) on 1 August, 1990
Range = 100 feet. Clear Skies All Day.

Area # 10:10 11:10 12:10 13:10 14:10 15:10 Avg. St. Dev.

1 3300 3144 2688 2261 1846 1220 2410 726
2 3650 3452 3083 2662 2230 1488 2762 740
3 3394 3275 2852 2587 2023 1400 2589 698

4 3439 2976 1962 1220 562 483 1774 1132
5 3118 3004 2311 1170 1313 628 1924 945
6 4166 4049 3470 3032 2367 1455 3090 951
7 3220 2984 2501 2182 1652 1209 2291 705

Lvg. 3470 3269 2696 2159 1713 1126 2406 842
St. Oev. 325 358 463 662 573 376 426 156
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I
Table 19. Analysis of M1 Skirt Luminance Readings (cd/m 2) on I August, 1990

Range = 36 feet. Clear Skies All Day.

II
Area 1 10:00 11:00 12:00 13:00 14:00 15:00 Avg. St. Dev.

18 3416 2962 2217 1417 435 429 1813 1156

19 3656 3297 2390 1504 475 443 1961 1262
20 3625 3449 2401 1574 481 437 1995 1280
21 3815 3513 2484 1616 489 450 2061 1331
22 3712 3493 2364 1516 482 442 2002 1308
23 3777 3434 2364 1501 485 446 2001 1311
24 3615 3247 2258 1430 466 431 1908 1246
27 3944 3569 2477 1584 493 453 2087 1370
28 4022 3652 2595 1618 503 459 2142 1403
29 3977 3612 2542 1632 498 443 2117 1386
30 4063 3647 2524 1564 512 451 2127 1411
31 3813 3444 2361 1479 489 441 2005 1322
32 3846 3449 2383 1503 495 454 2022 1326
33 3800 3421 2319 1440 497 457 1989 1311

34 3700 331C 2265 1376 489 454 1933 1273
35 3636 3294 2320 1507 479 442 1946 1253
45 4034 3667 2584 1690 528 489 2165 1393

Avg. 3791 3439 2403 1527 488 448 2016 1314
St. Dev. 172 174 ill 83 19 13 90 65I

3 Table 20. Analysis of MI Skirt Luminance Readings (cd/rn2) on 1 August, 1990
Range = 100 feet. Clear Skies All Day.I

Area # 10:.0 11:10 12:10 13:10 14:10 15:10 Avg. St. Dev.

15 3438 3130 2042 1260 473 525 1811 1168
16 3607 3199 2092 1326 494 467 1864 1224
17 3579 3172 2170 1345 478 441 1864 1222
18 3766 3363 2204 1389 494 452 1945 1293
19 3654 3252 2154 1344 488 445 1890 1251
20 3772 3308 2174 1358 493 454 1927 1286
21 3559 3257 2168 1334 493 464 1879 1226
22 3501 3098 2087 1279 485 456 1818 1188
23 3614 3164 2125 1261 487 456 1851 1229
24 3460 3119 2088 1197 498 438 1800 1190

Avg. 3595 3206 2130 1309 488 460 1865 12283 St. Dev. 109 82 49 55 7 23 45 39
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Study 6 August, 1990 Overcast skies 10:00 - 15:30.

The only difference between this study and Study 1 conducted on August, 1990 is sky condition.
The overcast sky condition during this study produced no sharp shadows.

Figure 58 shows the the MI position and its oackground. The Ml's position and orientation was
not altered during the time interval between the Study 1 on August, 1990 and the Study 6 on
August, 1990.

Figure 59, Figure 60,...Figure 62 show the approximate M1 measurement areas used for this
study.

5
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I
Ml Study on 6 August, 1990 (Overcast 10:00-15:30)
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Ml Study on 6 August, 1990 (Overcast 10:00-15:30)
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I
Ml Study on 6 August, 1990 (Overcast 10:00-15:30)I
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M1 Study on 6 August, 1990 (Overcast 10:00-15:30)

Ml LUMINANCE AT 14:10 Ml LUMINANCE AT 15:10
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I
M1 Study on 6 August, 1990 (Overcast 10:00-15.30)I
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Ml Study on 6 August, 1990 (Overcast 10:00-15:30)
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Ml Study on 6 August, 1990 (Overcast 10:00-15:30)
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Table 21. MI Arei Luminance Analysis For Times 10:00 - 15:30 on 6 August, 1990

Range - 36 feet Range - 100 feet

Area # Avg. St. Dev. Area # Avg. St. Dev.

1 767 420 1 623 313
2 905 493 2 704 377
3 883 483 3 594 313
4 541 235 4 491 253
5 514 272 5 520 284
6 813 441 6 822 443
7 797 445 7 896 478
8 770 435 8 337 179
9 531 285 9 466 243

10 435 220 10 550 294
11 911 497 11 511 273
12 906 497 12 540 291
13 948 476 13 594 313
14 415 221 14 426 207
15 557 297 15 490 261
16 505 263 16 515 274
17 642 333 17 528 287
18 474 241 18 534 285
19 519 269 19 529 283
20 546 286 20 534 286
21 549 287 21 524 282
22 539 284 22 509 270
23 534 278 23 519 272
24 513 268 24 512 270
25 285 156 25 456 243
26 382 193 26 276 139
27 553 292 27 260 139
2P 564 297 28 253 134
29 560 294 29 265 139
30 565 297 30 271 139
31 533 279 31 269 142
32 537 281 32 282 151
33 536 280
34 528 272 Avg. 487 257
35 520 272 St. Dev. 154 83
36 251 121
37 273 135
38 248 125
39 263 129
40 265 131
41 249 125
42 269 136
43 71 30
44 361 180
45 543 273

Avg. 506 264
St. Dev. 210 116
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Table 22. MI Area Luminance Analysis For Times 10:00 - 15:30 on 6 August, 1990
Overcast 10:00 - 15:30.

Range - 200 feet Range - 330 feet

Area 4 Avg. St. Dev. Area # Avg. St. Dev.

I 1 523 260 1 572 269
2 628 310 2 658 306
3 776 383 3 607 281

I 4 529 285
5 509 273 Avg. 612 285
6 527 296 St. Dev. 35 163 7 549 317
8 567 344
9 583 347

3 Avg. 577 310
St. Dev. 86 41

U The column heading 'Avg.' in Table 21 and Table 22 refers to the averages of six luminance

readings acquired between the times 10:00 and 15:00 for each measurement area.

The column heading ' St. Dev.' refers to the standard deviation.

3 Table 21 relates to Figure 59 and Figure 60. Table 22 relates to Figure 61 and Figure 62.

3 Table 23. Average Tree Line Luminance (cdlrn2) on 6 August, 1990

Range 10:00 11:00 12:00 13:00 14:00 15:00 Avg.

36' 162 446 129 399 510 177 304

100' 236 546 131 332 647 220 352

200' 461 778 150 269 332 638 438

330' 585 722 188 255 428 436 436

Avg. 361 623 150 314 479 368 382

S. D. 170 133 24 57 116 184 66
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Table 24. Summary of Diurnal Luminance Averages (cd/m2) for 6 August, 1990
Overcast 10:00 - 15:30.

40 T limid Avg. MI Avg. Trod Gross Sky

36 foot 10:00 299 162 679 7824

36 foot 11:00 598 446 1214 5463

36 foot 12:00 195 129 294 2238

36 fsat 13:,0 924 399 969 4446

36 fiot 14:00 730 510 382 5046

36 faot 15:00 291 177 1237 14190

36 feat Avcrage 506 304 794 4535

36 foiat Std. 0ev. 264 152 373 3796

100 flat 10:00 284 236 985 7526

100 flat 11:00 852 546 1717 10410

100 feet 12:00 196 131 376 2070

100 faot 13:00 535 332 907 3123

100 foat 14:00 766 647 688 5384

100 foot 15:00 271 220 2139 9160

100 fast Avgre A?44 352 1135 6279

100 fpt. Std. Day. 257 185 605 3039

200 foat 10:10 515 461 1176 7285

200 fast 11:00 1118 778 2136 6435

200 feot 12:00 207 150 462 2032

200 fiat 13:00 409 269 773 2282

200 foot 14:00 366 332 1044 5193

200 feat 15.00 045 638 2014 5731

200 feat Avvrage 577 436 1271 48a2

200 foat Std.. Dev, 310 216 410 1994

330 feat 10:00 645 b58 1195 7301

330 foot 11: 00 1015 722 193 6453

330 foat 12:00 239 188 317 2057

330 foot 13:00 385 255 725 2461

330 foat 14:00 441 420 1370 5353

330 feat 15:00 827 434 1759 5547

330 fo•t A vver4 6WU 436 1245 4465

330 fet. Std. Dev. 2*5 192 101 1946
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Table 25. Analysis of Mi Turret Luminance Readings (cd/rm on 6 August, i990

Range = 36 feet. Overcast 10:00 - I:30.

3 Area # 10:00 11:00 12:00 13:00 14:00 15:00 Avg. St. Dev.

1 429 845 295 1477 1101 455 767 420
2 518 982 338 1735 1310 547 905 493
3 510 958 327 1698 1275 528 883 483
4 305 597 200 970 835 339 541 285
5 326 467 215 1013 714 349 514 272
6 470 889 305 1543 1192 480 813 441
7 468 856 294 1573 1127 464 797 445
8 444 842 277 1522 1095 442 770 435
9 299 593 195 975 805 316 531 285
10 261 537 192 811 558 252 435 220
11 537 1011 340 1756 1294 526 911 497

12 537 1000 341 1753 1290 516 906 497
13 610 1050 383 1712 1374 561 948 476

Avg. 440 817 285 1426 1075 444 748 404
St. Dev. 105 192 62 337 252 95 172 96

Table 26. Analysis of M1 Turret Luminance Rzadings (cdlm) on 6 August, 1990
Rangt = 100 feet. Overcast 10:00- 15:30.

IArea 1 10:10 11:10 12:10 13:10 14:10 15:10 Avg. St. Dev.

1 354 1043 259 785 948 347 623 313
2 388 1207 276 856 1129 370 704 377
3 339 988 226 722 970 320 594 313
4 294 e64 202 560 754 269 491 253
5 275 897 201 625 849 272 520 284
6 450 1414 326 948 1354 440 822 443
7 498 1483 331 1059 1502 503 896 478

I Avg. 371 1128 260 794 1072 360 664 352
St. Dev. 75 228 50 163 252 80 140 78

I
I
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Table 27. Analysis of M1 Skirt Luminance Readings (cd/m) on 6 August, 1990
Range = 36 feet. Clear Skies All Day.

Area # 10:00 11:00 12:00 13:00 14:00 15:00 Avg. St. Dev.

18 294 551 181 846 692 277 474 241
19 313 608 196 935 760 300 519 269
20 322 632 209 995 802 317 546 286
21 325 644 207 996 804 316 549 287
22 317 628 201 983 791 311 539 284
23 318 630 204 968 778 305 534 278
24 301 611 197 93e 747 291 513 268
27 322 663 211 1005 808 311 553 292
28 334 677 217 1037 804 313 564 297
29 329 676 217 1026 798 312 560 294
30 329 689 219 1032 805 313 565 297
31 313 649 207 970 764 297 533 279
32 315 659 209 973 769 297 537 281
33 315 659 209 972 765 297 536 280

34 310 655 207 944 754 295 528 272
35 304 643 204 941 744 286 520 272
45 306 741 224 900 789 297 543 273

Avg. 316 648 207 968 775 302 536 280
St. Dev. 10 39 10 48 30 11 21 13

Table 28. ,nalysis of MI Skirt Luminance Readings (cd/m) on 6 August, 1990
Range = 100 feet. Clear Skies All Day.

Area 1 10:10 11:10 12:10 13:10 14:10 15:10 Avg. St. Dev.

15 295 880 201 494 791 281 490 261
16 300 914 208 553 827 287 515 274
17 299 945 207 571 855 292 528 287
18 315 950 210 568 860 301 534 285
19 309 936 211 565 859 294 529 283
20 115 949 216 558 869 295 534 286
21 308 928 212 540 863 292 524 232
22 304 895 206 536 830 282 509 270
23 314 907 212 547 843 289 519 272
24 307 899 206 543 327 287 512 270

Avg. 307 920 209 548 842 290 519 277
St. Dav. 7 24 4 21 23 6 13 8
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SLMMARY OF MI STUDIES

One of the more important results of the MI studies is that the MI has three distinguishing
luminance areas: the turret, the skirt and the track and suspension areas. The graphs of
Figure 119, Figure 120 and Figure 121 support this idea.

Figure 119 relates to the M1 side facing north and metering toward the south on a hazy, overcast
day. Figure 120 and figure 121 relate to the MI side facing east and metering toward the west.
Figure 120 relates to a clear day. Figure 121 relates to an overcast day. Note: Figure 59
relates the measurement area code to the position on the MI.

The turret, skirt and track and suspension areas remain distinguishing features regardless of MI
orientation, time of daylight or sky condition.

Table 29. MI Luminance Averages for Turret, Skirt and Tractor Areas (cd/m 2).
Range: 36 feet.

Ml Area Hazy-Overcast Clear Skies Overcast
19 July, 1990 1 August, 1990 6 August, 1990

Turret 1104 2758 748

Skirt 719 2016 536

3 Wheels 340 804 260

I
THE TURRET

3 The turret, which is the most elevated MI region, produces the largest luminance readings. It
consists of beveled, flat areas and obtuse corners which join together to form a three-dimensional
figure. Also, there are areas (area #4 and area #9 of Figure 59) which extend out from other
areas. These extensions produce shadows and undergo strong specitlar reflection at different
times than other turret areas. The photographs of Figure 88, Figure 89.... Figure 93 illustrate
the diurnal changes in luminance which result from the turret geometry.

Table 30 also illustrates that luminance readings from the turret areas show large variances in
luminance compared to other areas of the MI. Thne standard deviation for luminance of turret
areas between !0:00 and 15:00 on 19 July, 1990 varied from 21 percent to 34 percent of the
average luminance. On 1 August, 1990 it varied from 20 percent to 52 percent of the average3 luminance. On 6 August, 1990 the standard deviation varied from 21 percent to 24 percent of
the average luminance. Even on an overcast day, turret areas show large variances in
luminance compared to other areas of the Mi.
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U
The greatest variance in luminance occurred for turret aiza #13 (Figure 59) during Study B on
19 July, 1990. Figure 49 and Figure 50 illustrate the dramatic diurnal changes in luminance for
area #13.

The lowest luminance reading from the M1 turret was 192 cd/rm. This was acquired from
area #10 (Figure 59) during overcast skies, range 36 feet, at 12:00 on 6 August, 1990.

I The largest luminance reading from the MI turret was 4,618 cd/m 2. This was acquired from
area #11 (Figure 59) during clear skies, range 36 feet, at 10:00 on I August, 1990.

Table 30. Summary Analysis of Ml Turret Luminance Readings (cd/mr).

I Note: Standard Deviation
% of Average - - X 100I Average

19 July, 1990. Hazy - Overcast. Range - 36 feet

10:00 11:00 12:00 13:00 14:00 15:00

Average 1061 1084 1173 859 941 4A-1

Standard Dev. 357 358 343 262 252 91

% of Average 34 33 29 31 27 21

I August, 1990. Clear Skies All Day. ?iange - 36 feet

10:00 11:00 12:00 13:00 14:00 15:00

Average 3768 3682 3221 2653 1960 1266

Standard Dev. 744 723 848 1154 1013 625

X of Average 20 20 26 44 52 49

6 August, 1990. Overcast. Range - 36 feet_

10:00 11:00 12:00 13:00 14:00 15:00

Average 440 817 285 1426 1075 444

Standard Dev. 105 192 62 337 252 95

% o: AverAge 24 24 22 24 23 21

I
I
I 6
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THE SKIRT

The skirt areas produce luminance readings between the turret and track and suspension areas.

The skirt of the Ml is essentially a vertical plane. Two areas of measurement on the skirt (area
#25 and area #26) differed from all other skirt areas. Area #25 is partly on the skirt and partly
on the idler wheel. Area #26 is a square opening in the skirt which exposes a part of the track
and suspension area. The luminance from these two areas was significantly lower than other
skirt areas.

The luminance readings from the skirt areas show small variances in luminance compared to the
MI turret. Points on the diurnal luminance graphs (Figure 119, Figure 120 and Fig'ire 121),
which correspond uo the skirt areas, form nearly horizontal segments on the graphs.

Table 31 also illustrates that luminance readings from the skirt areas show small variances in
luminance compared to the turret areas of the MI. The standard deviation for luminance of skirt
areas between 10:00 and 15:00 on !9 July, 1990 varied from 4 pecent to 18 percent of the I
average luminance. On 1 August, 1990 it varied from 3 percent to 5 percent of the average
luminance. On 6 August, 1990 the standard deviation varied from 3 percent to 6 percent of the
average luminance.

Table 31. Summary Analysis of M1 Skirt Luminance Readings (cd/m 2).

19 July, 1990. Hazy - Overcast. Range - 36 feet_

10:00 11:00 12:00 13:00 14:00 15:00

Average 757 680 787 809 687 258

Standard Dev. 32 26 28 144 40 12

Z of Average 4 4, 4 18 { 6 5

1 August, 1990. Clear Skies All Day. Range - 36 feet

10:00 11:00 12:00 13:00 14:00 15:00

Average 3791 3439 2403 1527 488 488

Standard Dev. 172 174 11' 83 19 13

X of Avermge 5 5 5 5 4

6 Avgust, 1990. Overcast. Range - 36 feet

10:00 11:00 12:00 13:00 1i4 :00 15:00

Average 316 648 207 968 755 302 11
Standard Dev. i0 39 10 48 30 11

% of Avotrage 3 64 4
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TRACK AND SUSPENSION

The only track and suspension areas studied were the road wheels. These areas are the lowest
areas on the MI and produced the lowest luminance readings. As Figure 88, Figure 89,....
Figure 93 illustrate, they are very susceptible to shading from areas above them.

The luminance readings from the road wheel areas show small variances in luminance compared
to the M1 turret. Points on the diurnal luminance graphs which correspond to the wheel areas
form nearly horizontal segments on the graphs.

i Table 32 also illustrates that luminance readings from the wheel areas show small variances in
luminance compare, to the turret areas .)f the MI. The standard deviation for luminance of
wheel areas between 10:00 and 15:00 on 19 July, 1990 varied from 4 percent to 5 pcrcent of
the average luminance. On 1 August, 1990 it varied from 3 percent to 16 percent of the average
luminance. On 6 August, 1990 the standard deviation varied from 3 percent to 5 percent of the
average luminance.

3 Table 32. Summary Analysis of MI Road Wheel Luminance Readings (cd/m 2).

3 19 July, 1990. Hazy - Overcast. Range - 36 feet

10:00 11:00 12:00 13:00 14:00 15:00

Average 351 330 370 438 343 107

Standard Dev. 18 14 15 19 14 4

% of Average 5 1___ 1j 4 _4 1 4

I August, 1990. Clear Skies All Day. Range - 36 feet

3 10:00 11:00 12:00 13:00 14:00 15:00

Average 2425 1185 258 325 286 244

3 Standard Dev. 107 186 14 13 8 9

% of Average 4 16 4 4 3 4

6 August, 1990. Overcast. Range - 36 feet

10:00 11:00 12:00 13:00 14:00 15:00

Average 149 347 102 422 389 149

Standard Dev. 6 16 4 14 15 6

% of Average 4 5 4 3 4 4
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I
LUMINANCE DURING CLEAR SKIES I
The study of 1 August, 1990 was the only M1 study conducted during clear skies. This study
is very important since cloud conditions do not muddle analysis. One of the interesting results
of this study is that average M1 luminance, average tree luminance and grass luminance readings I
can be described by linear equations. As will be seen in a later study (Study 24 July, 1990),
similar results were obtained for the LAV25 during clear skies.

Table 33 provides expressions for luminance (L) in terms of time (t = 0 corresponds to 10:00)
for different ranges. Correlation coefficients are included to show how close the reJationships
fit collected data.

Figure 77, Figure 78 and Figure 79 show the collected data in graphical ibrm.

Table 33. Ml, Tree and Grass Luminance Analysis for I August, 1990 (Clear Skies)
Note: t in hours. Metering toward the west. I

Average M1 Luminance Analysis for 1 August, 1990 (10:00 to 15:00) 1
Range Luminance (cd/m2 ) Corr. Coefficient

36 feet L - 3303 - 583 t 0.9912

100 feet L- 3019 - 530t 0.9887

200 feet L - 2809 - 497 t 0.9840

330 feet L- 281.6 - 476 t 0.9850

Average Tree Luminance Analysis for 1 August, 1990 (10:00 to 15:00)

Range Luminance (cd/m2 ) Corr. Coefficient

36 feet L- 1102 59 t 0 8696

100 feet L - 1237 - 89 t 0.9532

200 feet L - 1237 - 88 t 0.9604

330 feet L - 1281 - 56 t 0.7391

Grass Luminance Analysis for I August, 1990 (10:00 to 15:00)

Range Luminance (cd/m 2 ) Corr. Coefficient

36 feet L - 2850 - 93 t 0.8843

100 feoc L - 3654 - 254 t 0.9918

200 feet L - 3754 - 294 r 0.9946

330 feet L - 3398 - 237 t 0.9801
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It was shown earlier that the MI has three distinguishing luminance areas: the turret, the skirt
and the track and suspension areas. During clear skies, the-e ire time intervals for which the
luminance of these areas can be described by linear equativ.as. Table 34 (range 36 feet) and
Table 35 (range 100 feet) introduce these equations aMri the times for which they are appropriate.
Correlation coefficients are also included.

Figure 125 (range 36 feet) and Figure 129 (r-ange 100 feet) shew the collected data in graphical
form. The very abrupt change in luminance of the road wheels after 12:00 is clearly due to
shading by areas above the track and suspension area as can be seen in the photographs of
Figure 88, Figure 89,...Figure 93. These photographs also support the data of Figure 125 and
Figure 129 with regard to the abrupt change in luminance of the skirt area after 14:00.

The equations for average luminance from Table 34 show that the rate at which average
luminance decr-ases for the turret (609 cd/m 2/hr) is approximately 40 pecent less than the rate
at which luminance decreases for the skirt (972 cd/m /hr) and road wheels (1033 cd/m 2/hr).I
Table 34, Average Turret. Skirt and Road Wheel Luminance Analysis for 1 August, 1990.3 Clear Skies. Range = 36 feet. t in hours. Metering toward the west

Ml Area Luminance (cd/mz) Time Interval Corr. Coeff.

Turret L - 3775 - 609 t 11:00 - 15:00 0.9965

Skirt L - 3424 - 972 t 11:00 - 14:00 0.9994

Road Wheels L - 2356 - 1033 t 10:00 - 12:00 0.9934

The equations for average luminance froE.2 Table 35 show that the rate at whicn averageIuminance decreases for the turret (484 cdlm 2/hr) is also approximately 40 percent less than the
rate at which luminance decreases for the skirt area (811 cd/m 2/hr).

I
Table 35. Average Turret, Skirt and Road Wheel Luminance Analysis for 1 August, 1990.

Clear Skies. Range = 100 feet. t in hours, Metering toward the west

MI Area Luminance (cd/mz) Time Interval Corr. Coeff.

Turret L - 3614 - 484 t 10:00 - 15:00 0.9941

Skirt L - 3767 - 811 t 10:00 - 14:00 0.9929

Road Wheel L - 1720 - 570 t 10:00 - 12:00 0.9981
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M1 Turret, Skirt and Road WhVeel Analysis for 1 August, 1990 (RIane = 36 feet)
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M1 Turret, Skirt and Road Wheel Analysis for 1 August, 1990 (Range = 100 feet)
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CONTRAST DUTRING CLEAR SKIES

Since both the average luminance of the M1 and the background can be expressed as lineza
equations during clear skies, it would appear that contrast between the M1 and background
would not result in a linear equation since

CONTRAST= BL

where Lr = luminance of Mi1 and L, = luminance of background.

The ratio of two linear equations c not, in general, be a linear equation. However, since the
luminance of tree and grass backgrounds is nearly constant (small coefficients of the first degree
term), contrast between the MN and trees and between the Ml and grass, during clear skies, can
be expressed as linear equations to a high degree of precision. Table 36 provides expressions
for contrast (C) in terms of time (t = 0 corresponds to 10:00) for different ranges. Correlation
coefficients are included to show how close the relationships fit collected data.

Figure 81 and Figure 82 show the collected data in graphical form.

Table 36. MI Contrast for Tre. and Grass Backgrounds on 1 August, 1990 (Clear SlIdes)
Note: t in hours. Metering toward the west.

F Contrast of Ml using Tree Background on I August, 1990 (10:00 - 15:00)

Range Contrast Corr. Coefficient

36 feet C- 2.06 - 0.487 t 0.9861

100 feet C - 1.53 - 0.384 t 0.9882

200 feet C - 1.34 - 0.353 t 0.9802

330 feet C- 1.21 - 0.333 t 0.9959

Contrast of M! using Grass Background on 1 August, 1990 (10:00 - 15:00)

j Range Contrast Corr. Coefficient

36 feet C - 0.376 0.198 t 0.9926

100 feet C- 0.021 0.138 t 0.9861

200 feet C- -0.106 0.116 t 0.9837

330 feet C -0.028 0.121 t 0.9873
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I
During clear skies, there are time intervals for which the contrast of the turret, skirt and road
wheels can be described by linear equations. Table 37 (range 36 feet) and Table 38 (range -

100 feet) introduce these equations and the times for which they are appropriate. Correlation
coefficients are also included. Figure 122, Figure 123, Figure 124, Figure 126, Figure 127,
Figure 127 and Figure 128 show the collected data in graphical form.

Table 37. Contrast Analysis of MI Turret, Skirt and Road Wheels on 1 August, 1990
Clear Skies. Range = 36 feet. Metering toward the west. t in hours

Contrast of Ml Targets using Tree Background

Ml Area Contrast Time Interval Corr. Coeff.

Turret C - 2.65 -0.71 t 12:00 - 15:00 0.9982

Skirt C - 1.73 - 1.07 t 12:00 - 14:00 0.9996

Road Wheels C - 1.10 - 0.89 t 10:00 - 12:00 0.9891

Contrast of Ml Targets using Grass Background

Ml Area Contrast Time Interval Corr. Coeff.

Turret C - 0.27 - 0.25 t 12:00 - 15:00 0.9971

Skirt C - -0.05 - 0.37 t 12:00 - 14:00 0.9970

Road Wheels C - -0.16 - 0.36 t 10:00 - 12:00 0.9889

Table 38. Contrast Analysis of M1 Turret, Skirt and Road Wheels on 1 August, 1990
Clear Skies. Range = 100 feet. Meering toward the west. t in hours

Contrast of Ml Targets using Tree Background

Ml Area Contrast Time Interval Corr. Coeff.

Turret C - 1.70 - 0.42 t 12:00 - 15:00 0.9916

Skirt C - 1.16 - 0.81 t 12:00 - 14:00 0.9996

Road Wheels C - 0.40 - 0.41 t 10:00 - 12:00 0.9862

Contrast of Ml Targets using Grass Background
Ml Area ] Contrast Time Interval Corr. Coeff.

Turret C - -0.02 - 0.12 t 11:00 - 15:00 0.9983

Skirt C - -0.05 - 0.26 t 11:00 - 14:00 0.9987

Road Wheels C - -0.50 - 0.16 t 10:00 - 12:00 0.9990
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rvl Turr~et, 'Skirt and Road Wheel Analysis or19 July, 1990 (Ilanlge =36 feet)
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MI Turret, Skirt and Road Wheel Analysis for 6 August, 1990 (Range =36 feet)
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RANGE

The average luminance of the M!, as measured from ranges of 36, 100, 200 and 330 feet, is
represented by the graph of Figure 77 and Table 33. There is very little difference in the
average M1 luminance readings using different ranges. As Table 33 illustrates, the expression
for average luminance at 36 feet, using 45 Nil luminance readings, is nearly the same as the
expression for average luminance at 330 feet where only three MI luminance readings were
used. As Table 33 also illustrates, there is a small change in the rate at which average M1
luminance decreases when the rnge increases. This is due to more recessed areas being
included in the measurement area at greater ranges (see Figure 59, Figure 60,...
Figure 62).

During clear skies, the rate at which average contrast decreases for the M1 (Table 36) also
changes slightly for different rages. The reason for this small decrease in the rate at which

contrast decreases for increasing ranges is the same as given above.

Table 39. Average Luminance (cd/m 2) for the Day of I August, 1990 for Different Ranges.
Clear Skies. Averages based on the time interval from 10:00 to 15:00.

Measurement Range Range Range Range
Area 36 feet 100 feet 200 feet 330 feet

M1 1845 1693 1567 1626

Trees 956 1016 1018 1140

Grass 2619 2986 3018 2805

Sky 4796 5241 5710 5923

Table 40. Average Contrast of M1 for the Day of I August, 1990 for Different Ranges.
Clear Skies. Averages based on the time interval from 10:00 to 15:00.

Background Range Range Range Range
36 feet 100 feet 200 feet 330 feet

Trees 0. 847 0.'571 0.453 0.377

Grass -0.315 -0.463 -0.514 -0.450

Sky -0.592 -0.652 -0.708 -0.707
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'I PHOTOGRAPHIC DECEPTION

Figure 88, Figure 89,.. .Figure 93 show photographs of the M1 for the six times luminance
readings were made on 1 August, 1990. It was discovered that these photographs are very
misleading with regard to how the luminance of the MI changes with time.

SN Note:

Figure 88, Figure 89,...Figure 93 were taken with a Canon Al set for automatic exposure. The
" * camera was loaded with Kodak TMAX 400 film. The pictures were developed consecutively
* on the same day, using the same paper stock and the same chemicals. The enlarger was not

changed for any of the exposures and the same time was used for all prints.

. I Example 1: It appears that the luminance of the turret increases from 10:00 to 13:00. In fact,
as Figure 129 illustrates, the luminance of the turret decreases continuously throughout this time
interval.

Example 2: It appears that Figure 92 and Figure 93 should be switched. The average
luminance of the MI appears to be greater at 15:00 thai at 14:00. In fact, as Figure 77

S..illustrates, the average M I lum inance continuously decreases from 10:00 to 15:00.

* Evidently, in Example 1, the rate of decrease in luminance of the turret areas was less than the
rate of decrease in the average luminance for the entire scerne. The luminance of the turret areas
was progressively greater than the average luminance of the scene as the day progressed from
10:00 to 13:00. It can be seen from Table 34 that the rate of decrease in luminance of the skirtum and road wheels is greater than the turret.

3 All objects in a scene with average luminance are printed as middle gray. The turret was
printed progressively lighter than middle gray since its luminance was greater than the average
luminance of the scene.

The explanation of the deception in Examnle 2 is illustrated in Figure 138 and Figure 139.
g When the photographs of Figure 92 and Figure 93 were taken, the camera was inadvertently
* po=itioned to include more sky background in Figure 92 than in Figure 93. This produced a

higher average luminance for Figure 92 than for Figure 93. Therefore, Since there are areas on
* the MI with luminance below the average luminance of the scene, those areas on the MI

printed darker in Figure 92 than in Figure 93.

8
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Fi gure 138
2 Complete, Uncropped Scene of Figure 92
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Whenever a reflected light exposure meter of a camera is used to obtain an exposure setting of
an evenly illuminated single toned surface, the resultant camera setting will produce a negative
density which will produce a "middle gray" in the print. A photograph of a completely black
or completely white card will produce a print which is completely "middle gray."

Figure 140, Figure i41,...Figure 143 illustrate this idea. Figure 140 was produced using a laser
printer. Figure 141 is a photograph of Figure 140. It was obtained using a reflected light
exposure meter. The b:ack squares appear black and the white squares appear white. The white
squares had a luminance far above the average luminance for the scene (Figure 140). Therefore,
the white squares printed much lighter than "middle gray." The black squares had a luminance
far below the average luminance for the sce.ie (Figure IA-). Thereiore. the black squares
printed much darker than "middle gray."

Figure 142 was also produced using a laser printer. Figure 143 is a photograph of Figure 142.
This photograph was obtained using the same reflected light exposure meter as was used for
Figure 141. The black squares appear very black but the white squares appear gray. Since
Figure 142 contains many more white squares than black squares. the average luminance for this
scene is higher than for Figure 140. •he white squares had a luminance close to the average
luminance for the scene (Figure 142). Therefore. the white squares printed a little lighter than
"middle gray." The black squares had a luminance far below the average luminance for the
scene (Figure 142). Therefore, the black squares printed much darker than "middle gray."

Both pictures, Figure 141 and Figure 143. were developed consecutively on the same day, using
the same paper stock and the same chemicals. The enlarger was not changed for either exposure
and the same time was used for both prints.
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Figure 140.

Photograph of Figure 140
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I Figure 142
Checker Board Grid with Three Black Squares and Thirty Three White Squares

I

Figure 143
Photograph of Figure 142
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LAV25 STUDIES

ii• Figure j44 shows the position and surroundings of the LAV25 used for all studies of the
LAV25. The LAV25 and tree line were facing east. The LS-100 meter was pointed west while
luminance daata was collected.

Luminance readings were acquired for the LAV25 and tree line using four different ranges from
the LAV25: 36 feet, 100 feet, 200 fet:t and 330 feet. Figure 145, Figure 146,...Figure 148
show the approximate LAV25 measurement area for these four ranges.

' When the word "average" occurs in the title for the graphs that follow, the average luminance
SJ was used for constnicting the graph.

All graphs involving the tree line were constructed using the average luminance of 50 random

tree line luminance readings betw-en the poles in Figure 144. Tree line luminance readings
were acquired from left to right using an up-down scanning pattern.

' -

Figure 144

Position and Surroundings of the LAV25.
Metering Toward the West.
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P
Study 23 July, 1990 Clear Skies 10:00-11:00, Cloudy 11:00-15:00

LAV25 LUMINANCE AT 10:00 LAV25 LUMINANCE AT 10:30
METERING WEST AT 36 FEET METERING WEST AT 36 FEET

23 JULY, 1990; CLEAR SKIES 23 JULY. 1990; CLEAR SKIES
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SLAV25 LUMINANCE AT 11:30 LAV25 LUMINANCE AT 12:45
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Study 23 July, 1990 Clear Skies 10:00-11:00, Cloudy 11:00-15:00

LAV25 LUMINANCE AT 13:310' LAV25 LUMInNANCE AT 14:03
N =' D;G NVEST AT 36 FIEF7 IMEERING vfrS'r AT 36 FEET

23 JULY, 199'0; CLOUDY 23 JULY, 1M9; CLOUDY
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Study 23 July, 1990 Clear Skies 10:00-11:00, Cloudy 11:00-15:00

LAV2S LUMINANCE AT 10:45 LAV2S LUMINANCE AT 11:45
METERING wVSr AT 100 FEET METERING WVtT AT 100 FEET

23 JULY, 1990; CLEAR SKIES 23 JULY, 1990; CLOUDY
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Study 23 July, 1990 Clear Skies!:O-1:, Cloudy 11:00-15:0O

LAV25 LU'!NANCE AT 14:1 LAV2E AVER•AGE LUMfINANCE

iR•4EING WEST AT N0O FEET ,=RTERING WEET
23 .ULY, 190ý0; CLOUDY CLAR IUNMTL 1I:M, CLOUDY AYFrI 11:00
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AT E OF DAY (23 JULY 199 0)
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Figure 161 Figure 162
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Study 24 July, 1990 Clear Skies

LAV25 LUMINANCE AT 9:00 LAV2S LUMINANCE AT 9:30
MErRLNG WES AT 36 FEET METERING WEST AT 36 FEET
24 JULY, 1990; CLEAR SKIES 24 JULY, 1990; CLEAR SKIES
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Study 24 July, 19-9-0 Clear Skies

LAV25 LUJMINANCE AT 11:00 AVERAGE LUMINANCE
MEEIGWEST AT 36 FEz-r N=ETENG AT -1- F`EET

24 JUTLY, 19943; CLEAR SKIES CLEAR SKIES

9,00C, P

1) 1.ow

00 1:3 10.C Ii.3 20 31:M0 3

MEASLRENENT MACODE

Figure 167 Figur- 168

TREE LINE LUMINANCE AVERAiGE LAV223) CONTRAST
- CLEAR FRING AT 3,6 FEET

CLEAR SCLEAR MKIES

N
T
R
A
S -.
T

4".

t.00 19-.30 1 0,00 10:30 11.30

1;4 i#3 1* TLN(E OF DAY (24 JULY 1990)

TME OF DAY (24 JUjLY 199) CLA ".+- SIC

Scoucirrx Tit

Figure 169 Figure 170

93



Study 24 July, 1990 Clear Skies

LAV25 LUMINANCE AT 9:15 LAV25 LUMINANCE AT 9:45
METERING WEST AT 100 FEET METERING WEST AT 100 FEET
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iim

0 2 4 6 1022 14 14 ! 2 18 1*22 4 1. i 2MEASUREM(ENT AREA CODE MIEASURPEMNENIT AREA CODE

SFigure 171 Figure 172
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Study 24 July, 1990 Clear Skies

LAV25 LUNUNANCE AT 11:15 AVERAGE LAV2$ LUMINANCE
NM1IERDNG WEST AT IN)0 FEE-T CLEAR SKIES
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Study 26 July, 1990 Hazy 9:30-12:30, Cloudy 12:30-14:30

LAV2S LUMINANCE AT 9:30 LAV2S LUMINANCE AT 10:30
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Study 26 July, 1990 Hazy 9:30-12:30, Cloudy 12:30-14:30

LAV25 LUMINAMCE AT 13:30 LAV25 LUMINANCE AT 14:30
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Study 26 July, 1990 Hazy 9:30-12:30, Cloudy 1:3014.30

LAV25 LUMINANCE AT 9:40 LAV2S LUMINANCE AT 10:40
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Study 26 July, 1990 Hazy 9:30-12-30, Cloudy 12:.30-14:30

LAV25 LUNEINAINCE AT 13:40 LAV25 LUMINANCE AT 14:40
MMETRING WEST AT' 04) FEET NE=ER.iNG WEST AT 1IM FEET
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Study 26 July, 1990 Hazy 9:30-12:30, Cloudy 12:30-14:30
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LAV25 Study on 26 July, 1990 (Hazzy 9:00-12:30, Cloudy 12:30-14:30; Viewing Toward West)

Fig 9 igrr9
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SUMMARY OF LAV25 STUDIES

All LAV25 studies were conducted with the vehicle oriented along a north-south line with
r luminance metering toward the west. Figure 144 shows the position of the vehicle and its
*I surroundings during the times measurements were acquired. All conclusions in this study are

based on this vehicle orientation and setup.

I Luminance readings were acquired from four different ranges: 36, 100, 200 and 330 feet. The
approximate measurement areas on the LAV25 for these ranges are shown in Figure 145,
Figure 146,...Figure 148.

WHEEL AREAS

I The most obvious luminance feature of the LAV25 relates to the vehicle's wheels and the
surrounding wheel areas. In terms of luminance, the LAV25 is a bi-sectional vehicle. Its high
stature, when positioned on the ground, produces significant shading of the wheel areas between
10:30 and 14:30. The photographs of Figure 198, Figure 199,...Figure 203 illustrate how
shading and shadows develop between 9:30 and 14:30. Shadows in the wheel areas begin at
10:30 and complete shading occurs at 14:30.

The graphs of Figure 149, Figure 150,...Figure 154 (range = 36 feet) illustrate clearly the bi-
sectional luminance nature of the LAV25. The variance in luminance for measurement areas
34-50 (wheel areas) is greater than for measurement areas 1-33. As time elapses, the two
sections graphically separate.

The graphs of Figure 157, Figure 158, ... Figure 161 (range = 100 feet) also illustrate clearly
the bi-sectional luminance nature of the LAV25. The variance in luminance for measurement
areas 13-20 (wheel areas) is much greater than for measurement areas 1-12. As time elapses,
the two sections graphically separate.

IIThe graphs of Figure 204, Figure 205,...Figure 215 compare the average luminance of the
wheel areas to the average luminance of those areas above them for ranges of 36 feet and 100
feet. At approximately 9:00, the average luminance of both areas is approximately 1700 cd/mr2 .
At approximately 12:00, the average luminance of the wheel areas is approximately 50 percent
of the average luminance of the area above the wheels. The ratio of the average luminance of
the wheel areas to the average luminance of the area above the wheels decreases at ".he
approximate rate of 0. 15 per hr.

Table 41 gives the luminance of the LAV25 wheels, the luminance of the immediate surrounding
area3 and the contrast between them. There is considerable contrast between the LAV25 wheels
and the immediate LAV25 surrounding areas. The average cortrast between the LAV25 and
tree background is approximately 0.6 (Figure 156, Figure 170 and Figure 194). However, the
contrast between the LAV25 wheels and the immediate surrounding LAV25 areas varies from
0.57 to 2.61.

1
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H •Study 23 July, 1990 Clear Skies 10:00-11:00, Cloudy 11:00-15:00

AVERGE L.V25 LUMIUNA.NCE AVERAGE LUMINANCE RATIOS
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Study 24 July, 1990 Clear Skies

AVERAGE LAV2S LUNUNANCE AVERAGE LUMNANCE RATIOS
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Study 26 July, 1990 Hazy 9:30-12:30, Cloudy 12:30-14:30

AVERAGE LAV25 LUTNEINANCE AVERAGE LUMINANCE RATIOS
""MTERLNG WEST AT 36 FEET M=ERTNG M•WS AT 36 F£EET
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Table 41. Contrast of LAV25 Wheels Using Surrounding Wheel Area as Background.
*23 July, 1990. Range = 36 feet. Clar Until 11:00, Cloudy after 11:00

___ _ _Luminance (cd/m2 ) of LAV25 Wheels

Area # 10:00 10:30 11:30 "_:45 13:30 14:003 36 1924 2090 1718 1118 753 432

"37 1760 1590 1349 863 625 378

39 2123 2011 1578 813 616. 403

40 1400 1270 1088 691 461 305

3 43 2014 1756 1619 701 724 396

44 1274 1264 1068 679 481 271

46 2543 2047 2109 1036 892 495

47 1843 1741 1263 1016 641 3803 Average 1860 1721 1474 865 649 383

Luminance of _AV25, Surrounding Wheel Areas

34 836 800 721 454 270 222

35 914 732 328 307 303 2665 38 256 251 260 222 220 206

41 398 383 366 345 341 308

42 374 216 204 180 174 160

45 1367 1059 407 332 362 304

48 780 384 336 325 326 301

49 863 833 419 258 252 204

50 1003 934 631 375 256 224

Average 755 621 408 311 278 244

Contrast 1.47 1.77 2.61 1.78 1.33 0.57

1
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AVERAGE LAV25 LUMINANCE

The LAV25 was made available for measurement for five days. Unfortunately, it rained one
of the days and the cloud conditions were extremely variable on another. None of the days
provided clear skies for the entire day. During those time periods for which the skies were
not completely clear, luminance readings were only taken when th'e sun was not eclipsed by
clouds. During the study of 26 July, the sky conditions after 12:30 were hazy, overcast aid
cloudy.

In all three studies of the LAV25, there are extended periods of time for which the average
luminance of the LAV25 can be expressed by linear equations. Table 42 provides expressions
for average luminance (L) in terms of time (t) for the three days data was acquired. Correlation
coefficients (r) are included to show how clcse the relationships fit collected data. Figure 155,
Figure 168 and Figure 184 show graphically the data used to obtain Table 42.

Table 42. LAV25 Average Luminance Analysis. Range = 36 feet

t - 0 -- Time Range; Luminance (cd/m 2 ) r

10:00 10:00 - 13:30; 23 July L - 1740 - 117 t 0,957

9:30 9:30 - 11:00; 24 July L - 1767 - 52 t 0.837

L I10:30 10:30 - 14:30; 26 July L - 1705 - 220 t 0.993

Table 43 gives the average luminance acquired for the LAV25 on 26 July, 1990 for different
ranges. The far left column titled "Average" represents the average LAV25 luminance for a
specific time. The row titled "Average" represents the average LAV25 luminance for the entire
time period data was collected. Figure 184 shows the data in graphical form.

Table 43. Average LAV25 Ltrminance (cd/m 2) on 26 July, 1990 for Different Ranges

Range } 36 feet 100 feet 200 feet 330 feet Average

9:30 1649 1661 1476 1677 1616

10:30 1667 1585 1427 1646 1581

11:30 1494 1198 1273 1458 1356

12:30 1326 853 947 1121 1062

13:30 1052 935 851 926 941

14:30 789 657 625 734 701

I Average 1330 1148 1100 1260 1209
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Table 44 provides expressions for average luminance (L) in terms of time (t) for four different
ranges. Correlation coefficients (r) are included to show how close the relationships fic collected
data.

Table 44. LAV25 Average Luminance Analysis for 26 July, 1990 ( t - 0 at 9:30)
"J:IH I III__ __ __ ;, ,, , ' , ,

Range Luminance (cd/m2 ) r

36 feet L - 1780 - 180 t 0.964

100 feet L - 1670 - 209 t 0.960

200 feet L - 1550 - 180 t 0.982

330 feet L - 1775 - 206 t 0.983

I Average L - 1694 - 194 t 0.986

". ITREELINE LUMINANCE

The photograph of Figure 144 shows the surrounding treeline background used for the three
studies conducted for the LAV25. All graphs and tables relating to the treeline were constructed
using the average luminance of 50 random luminance readings between the poles shown in
Figure 144.

Table 45 and Table 46 provide a summary and an analysis of the average treeline luminance
readings acquired during the LAV25 studies. Figure 155, Figure 169 and Figure 185 show the3 results in graphical form

3 Table 45. Average Treeline Luminance (cd/m2) for 23 July, 1990 and 24 July, 1990

3 23 July; Range - 36' 24 July; Range - 36' 24 July; Range - 200'

Time Luminance Time Luminance Time Luminance

10:15 1056 9:05 989 9:20 1277

12:00 1057 9:35 1086 9:50 1251

7 13:15 934 10:05 1090 10:20 1235

14:00 849 10:35 1101 10:45 1238

I 11:05 964 11:15 1173

Average 974 Average 1046 Avbrage 1235

L- 1091 - 55 t L- 1053 - 7 t L- 1279 - 44 t
r - 0.889 r - 0.086 r - 0.912
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Table 46. Summary and Analysis of Average Treeline Luminance (cd/m 2) for 26 July, 1990

Time Luminance Luminance Luminance Luminance Average
R - 36' R - 100' R - 200' R - 330' Luminance

9:30 1064 1224 1265 1397 1238

10:30 1042 1168 1263 1375 1212

11:30 1017 1067 1010 1448 1136

12:30 840 857 994 973 916

13:30 857 885 961 929 908

14:30 821 774 836 1224 914

Average 940 996 1055 1224 1054

Range - 36 feet L - 1079 - 56 t r - 0.929

"Range - 100 feet L - 1232 - 94 t r - 0.966

Range - 200 feet L- 1274 - 88 t r - 0.947

Range - 330 feet L - 1415 - 77 t r - 0.636

AVERAGE LUMINANCE L - 1250 - 79 t r - 0.929

Table 45 and Table 46 indicate that the average diurnal treeline luminance can be expressed as
linear equations. Wich one exception, ran-,e R = 330 feet, the correlation coefficients are above
0.92.

These tables also indicate that the average treeline luminance is greater for larger ranges. The
reason for this is unknown. Some considerations are:

1. Approximatel five minutes were required to transport and set up the equipment for each new
range position. It also takes time to acquire the luminance readings for each range. Sun
position and sky conditions can change during this time.

2. The treeline luminance averages were obtained from a random sampling of trees and bushes.
Ezch average represents a different collection of targets.

3. The luminance measurement area becomes larger the farther the meter gets from the target.

This difference in treeline luminance for different ranges cont-ibutes significantly to contrast
differences for the LAV25 when the treeline is used as a background for different ranges. The
graph of Figure 177 shows an average contrast of approximately 0.6 for a range 36 feet. When
the range was 200 feet, the average contrast was approximately 0.2. This significant contrast
difference is also due to the difference in measurement areas (Figure 145 and Figure 147) used
for the two ranges. The wheels of the LAV25, which increase the average luminance of the
LAV25, were not included in the measurement areas for a range of 200 feet.
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Table 47. Average Luminance and Contrast for Ranges of 36 feet and 200 feet

on 24 July, 1990

Range Average IAV25 Average Treeline Average
-(feet) Luminance (cd/m2 ) Luminance (cd/m 2 ) Contrast

* 36 1700 1046 0.62

h 200 1464 1235 0.19

Similar results were obtained for the LAV25 study of 26July, 1990. Figure 194 illustrates that
a higher contrast is obtained at a range of 36 feet than is obtained for higher ranges at the same
time of day.

CONTRAST

3 Four different backgrounds were used to acquim contrast values for the LAV25: grass, sky,
concrete and trees. Of the three studies conducted for the LAV25, the study of 26 July, 1990
was the most extensive. This study involved all four backgrounds for four different ranges.

Table 48 gives a summary of the average contrasts obtained for the three LAV25 studies using
* a treeline as background. The following symbols are used: R = range in feet, C = contrast,

r = correlation coefficient and t = time in hours (t = 0 at the start of the time interval). In
those instances whe-re the contrast was approximately constant, the average contrast is given for
the time interval. For many time intervals the best fit curve through the data points is a straight
line.

if Table 48. Summary of Average LAV25 Contrast Using a Treeline as a Background

R (feet) Time Interval Date Contrast Description r

36 10:30 - 12:30 23 July, 1990 C - 0.56

i 36 12:30 -14:00 23 July, 1990 C - 0.56 - 0.28 t 1.000

36 9:00 - 11:00 24 July, 1990 C - 0.63

36 9:30 - 12:30 26 July, 1990 C - 3.55

36 12:30 - 14:30 26 July, 1990 C - 0.57 - 0.31 t 0.992

100 9:30 - 14:30 26 July, 1990 C - 0.33 - 0.11 t 0.839

200 9:00 - 11:00 24 July, 1990 C - 0.19

3 200 9:30 - 14:30 26 July, 1990 C - 0.25 - 0.09 t 0.865

330 9:30 - 14:30 26 July, 1990 C - 0.27 - 0.10 t 0.813
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Figure 198, Figure 199,... Figure 203 lend support to the results shown in Table 48. After
12:30 there is significant shading in the LAV25 wheels. Table 48 illustrates this for a range of
36 feet. Both studies, 23 July and 26 July, show a drastic change in the description of contrast
after 12:30. The contrast is constant, approximately 0.55 until 12:30. After 12:30, the corntrast
is best described by the linear equation: C = 0.57 - 0.3 t. Contrast decreases at the rate of
0.3/hour from 12:30 to 14:30 due to shading of the LAV25 wheels. Figure 156 and Figure 194
illustrate this graphically. I
Table 49. Summary of Average LAV25 Contrast Using Grass as a Background.

R (feet) Time Interval Date Contrast Description r

36 9:00 - 11:00 24 July, 1990 C - - 0.28

36 9:30 - 12:30 26 July, 1990 C - - 0.31

36 12:30 - 14:30 26 July, 1990 C - - 0.31 - 0.16 t

100 9:30 - 14:30 26 July, 1990 C - - 0.41 - 0.06 t 0.900

200 9:30 - 14:30 26 July, 1990 C - - 0.56 - 0.03 t 0.9781

300 { 9:30 - 14:30 26 July, 1990 C - - 0.47 - 0.04 t 0.966

Shading of the LAV25 wheels is also evident in the contrast calculations using a grass
background. Table 49 gives two descriptions for the contrast of the LAV25 on 26 July when
the range was 36 feet. From 9:30 to 12:30 the contrast is approximately constant (-0.31). From
12:30 to 14:30 the contrast is best described by: C = -0.41 - 0.06 t. After 12:30 the contrast
decreases at the rate of 0.06/hour. The negative contrast values obtained using a grass J
background indicate that the luminance of the grass was greater than the average luminance of
the LAV25.

The description of contrast values acquired for the LAV25 using sky as a background were
nearly the same for all ranges on 24 July (9:00 - 11:OCf) and 26 July, 1990 (9:30 - 14:30):

C = -0.73 - 0.04 t

The contrast of the LAV25 using concrete as a background was nearly constant (C = - 0.79)
for all ranges on 24 July (9:00 - 11:00) and also 26 July, 1990 (9:30 - 14:30).
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SHADING

Figure 198, Figure 199,...Figuic '03 reveal those areas susceptible to diurnal shading. As these
photographs illustrate, the wheel arezs constitute more than 50 percent of the vehicie's side
surface area and undergo the greatcst an:ount of shading. As discurcst in an earlier section,
contiast variations are highest for the wheel areas.

U The T.AV25 turret also produces sh- :ing in the areas below it. In fact, the greatest contrast
variation was obtained for measurement area #27 (see Figure 145). .The range of Wuminance for
this area was 32.99 cd/m 2 (11:30, 23 july, 1990) to 516 cd/m 2 (14:,O, 23 July, 1990).
Figure 216 shows an enlarged view of .he turret area at 14:30 on 26 July, 1990. This
photograph illustiates the extent of shading produced by the turret.

0.w
I ~

S~Figure 216

S~LAV Turret Area at 14:30 on 26 July, 1990
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GLARE AND EDGE EFFECT

When two nonparallel surfaces of a vehicle meet, a rounded edge is formed. This edge may
tbe formed by a single metal plate, a weld joint or a bend. In most instances, the width of
this edge will be greater than several hundred microns. Under the right conditions, an edge
may appear as a white line.

Arrow 1 and Arrow 3 in Figure 217 indicate places on the M13A3 where a white line
occurs along an edge. Arrow 2 in Fiure 217 indicates a place on the M1 13A3 where a
white line is not visible along an edge.

UArrow 2 in Figure 218 indicates another edge on the M113A3 which shows a white line.
"Arrow 3 of Figure 218 indicates a shaded place along the top edge of the M113A3 where

req there is a break in the white line. Arrow 1 in Figure 218 indicates a place along a
cylindrical rod which also produces a white line.

The white lines in the photographs are produced by a mirror like reflection called specular
reflcxtion. Because of the roundness of the edge, the white outline can be observed from
many different directions, especially for edges near the top of the vehicle. Most of the light
reflected off edges near the ground is reflected toward the ground and away from an
observer.

"Arrow 1, Arrow 2 and Arrow 3 in Figure 219 indicate places where glare occurs along an
edge at the !op of the Mi!3A3. Figure 220 shows the same view using a polarizer in front
of the camera lens. The polarizer is effective in reducing glare because the specularly
reflected light from the edges is linearly polarized to a considerable extent. The degree of

7 a~glare extinction depends on the angle between the transmission axis of the polarizer and the
plane of polarization of tde reflected light- The photograph of Figure 219 was obtained by
rotating a polarizer in front of the camera lens until the glare from the edge, indicated by
Arrow 3, was a minimum.

The painted metal objects, indicated by Arrow I and Arrow 2 of Figure 221, show
significant glare along their edges and on their adjacent surfaces. Again, a polarizer is able
to reduce the glare significantly as shown in Figure 222.

Arrow 1, Arrow 2 and Arrow 3 of Figure 221 indicate an edge that has been painted with
three different colors, one of the colors being flat black. Figure 222 illustrates that the
different colors of paint have little effect on the degree of glare. The entire illuminated edge
appears white. Evidently, the glare is associated with light that has not interacted with the
paint pigments.

An impo-tant consequence of the edge effect is an increase in contrast between the edge and
surrou;"ding surfaces. This increase in contrast increases the visibility of the vehicle.
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S~Figure 219
Photograph of Side of' M II13A3 - No Polaroid inFront of Camera.
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q ~Figure 219,], Photograph of Side of" M1 13A3 -NoPolaroid in Front of Camera.
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I Figure 2-21,

U Photograph of Top of N11 13A3 - No"Polaroid in Front of Camera.
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Figure .22.2
Photograph of Top of NiI 13A3 - Polaroid in Front of Camera.
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"iHORIZONTAL A-ND VERTICAL POLARIZATION OF THE MiA1

On June 20, 1991, diurnal luminance
readings and photographs were acquired
for the MIA1 turret area from 08:30 to
16:00. The MIA1 was positioned along
a north-south line and metering was to
"thf west. A Minolta LS-100 Luminance
Meter was used to make the readings. ,d.2 "Three different luminance readings were N-,
made at 30 minute time intervals. For
the first reading, no polarizer was used .
in front of the LS-100. For the second
reading, a polarizer was positioned infront of the LS-100 with its transmission

axis vertical. For the third reading, a IS...... • ~polarizer was positioned ina front of the 10,,,' .. -.'.,o," ,•..."

L.S-100 with its transmission axis v -' , ...- ,
horizontai, as shown in Figure 223. The
entire study ,was coinducted under clear
sIies. Figure 223

Positioning of Polarizer in Front of LS-100

Figure 224 shows the fifteen measurement areas for which diurnal luminance readings were
acquired.

SFigure 225, Figure 226,...Figure 2"10 show the diurnal photographs acquired for the MIAl.

41

Figure 224
Measurement Areas on N IA I
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M I on 20 June, 1991. Clear Skies. MlI Positioned North-South. Metering West.

VIaý L
* 

Figure 225

MIAl at 08.30

Figure 226
M IA I at 09:00

Figure27

M IA I at 09:30
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g MI on 20 June, 1991. Clear Skies. MI Positioned North-South. Metering West.

Figure 228
MIAI at '10:00

Figure 229] MIAI at 10:30

Figure 230
MIAl at 11:00
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M I on 20 June, 1991. Clear Skies. M I Positioned North-South. Metering West.

Figure 231
MIAI at 11:30

Figure 232
MIAI at 12:00

Figure 233
M IA I at 12:3C
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MI on 20 June, 1991. Clear Skies. MI Positioned North-South. Metering West.

"il~

Figure 234
MIA1 at 13:00

t •T' +" ," ,_ _i. ,, •# • -' • .

Figure 235

MIA1 at 13:30

'.'A

S~ Figure 236

NI IA I at 14: 00
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MI on 20 June, 1991. Clear Skies. MI Positioned North-South. Metering West.

FiueI3

Figure 237

M IA I at 14:30

12



MI on 20 June, 1991. Clear Skies. M1 Positioned North-South. Metering West.

Figure 240[MIAI a~t 16:00
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Tabie 50, Table 51 and Table 52 give the results of the aiurnal luminaice readinr-•.

/ Ln represents the luminance reading acquired when no polarizer was used.

\ U Lv represents the luminance reading acquired when the transmission axis of the polarizer was
was vertical.

Lh represents the luminance reading acquired when the transmission axis of the polarizer was
was horizontal.

Table 50. MIAI Luminance Ln (No Polarizer) on 20 June, 1991. Clear Skies 8:30 - 16:00
- MIAI PositIoned North-South. Metering toward the West.

Area # 08:30 09:00 09:30 10:00 10:30 11:00 11:30 12:00
1 2115 2374 2406 2723 2466 2735 2316 2701
2 2124 2271 2339 2270 2199 2086 1799 1557
3 2201 2302 2431 2410 2367 2210 1834 1536
4 2216 2360 2495 2440 2370 2247 1931 1533
5 1657 1866 2051 1971 1970 1700 1152 1250
6 2270 2422 2493 2467 2386 2240 1897 1709
7 2110 2277 2332 2309 2210 2063 1732 1549
8 2247 2299 2475 2426 2305 2127 1761 1551
9 2186 2346 2507 2438 2280 2150 1742 1512

10 2324 2754 2349 2969 2905 1696 1017 1550
11 2415 3252 3447 3520 2918 3523 2748 2993
12 3021 3297 3456 3532 3667 3603 3297 3411
13 2860 3035 3144 3138 3080 3031 2661 2681
14 2496 2842 2793 2493 1587 2216 3157 2814
15 3023 3183 3288 3216 3115 2934 2534 2325

Area # 12:30 13:00 13:30 14:00 14:30 15:00 15:30 16:00
1 2748 2577 2227 1999 1171 1396 763 606
2 1189 958 692 631 624 623 623 615
3 1135 912 651 607 601 619 617 601
4 1098 870 612 575 586 608 603 586
5 1195 1G27 833 664 553 471 436 439
6 1347 951 599 544 527 557 523 525
7 1178 877 675 581 586 609 605 588
8 1210 938 655 597 588 610 600 588
9 1174 865 628 588 590 603 594 576

10 987 962 525 572 512 461 464 374
11 2973 2730 2386 2293 1935 1456 738 579
12 3213 3076 2760 2364 1969 1522 833 656
13 2540 2357 2184 1969 1786 1698 1551 1457
14 1395 1849 857 1959 1021 753 1192 554

/ 15 1874 1346 819 785 761 747 710 664

/
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Tab!e 51. Luminance Lv (Polarizer's Transmission Axis Vertical) on 20 June, 1991.
Clear Sides 8:30 - 16:00. MiA1 Positioned North-South. Metering West.

Area # 08:30 09:00 09:30 10:00 10:30 11:00 11:30 12:00
1 530 553 583 643 570 601 543 531
2 533 560 566 552 520 475 429 358
3 538 580 576 560 529 481 435 347
4 550 583 591 578 535 482 457 345
5 375 474 421 460 457 433 331 332
6 563 597 600 586 560 515 467 412
7 529 556 559 545 516 473 428 359
8 544 585 574 565 544 496 436 361
9 553 582 583 583 559 481 447 357

10 492 642 681 686 584 599 508 317
11 653 779 730 744 772 690 756 711
12 727 789 803 816 812 781 756 716
13 701 730 739 734 704 671 619 577
"14 666 562 551 573 613 614 546 522
15 736 771 777 770 730 673 597 525

/

Area # 12:30 13:00 13:30 14:00 14:30 15:00 15:30 16:00
1 574 515 485 414 411 358 297 307
2 285 254 211 215 234 262 304 327
3 270 233 194 202 228 254 296 316
4 273 228 186 191 219 242 287 306
5 290 281 209 195 203 208 242 270
6 317 243 189 188 213 235 278 303
7 287 229 204 192 224 250 293 302
8 294 234 193 187 222 246 285 301
9 286 235 187 182 216 236 274 288

10 235 187 193 163 191 210 222 23911 656 510 533 384 420 345 252 27712 660 621 561 458 439 375 276 290
13 531 515 472 411 426 424 432 437
14 380 341 343 267 236 193 263 264
15 424 341 235 207 236 247 268 275

I
I

II

1I
I.I
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I
The graphs of Figure 241, Figure 242,...Figure 256 show all the measurements graphically.

To ascertain the degree of wvrtical and horizontal polarization from the MIA1, the ratios
Lv/Ln and Lh/Ln were calculated for all measurement areas and for all thc measurement
times. The resuits are given in Table 53 and Table 54. These ratios are a measure of the
transmittance of the polarizer. The graphs of Figure 257, Figure 258,.. .Figure 286 show theg results graphically.

Table 52. LUMINANCE Lh (Polarizer's Transmission Axis Horizontal) on 20 June, 1991.
Clear Skies 8:30 - 16:00. MIA1 Positioned North-South. Metering West.

Area # 08:30 09:00 09:30 10:00 10:30 11:00 11:30 12:00
1 559 608 634 693 656 708 698 '63
2 562 597 609 618 604 575 520 469
3 563 611 642 660 627 574 521 460
4 574 621 650 661 650 590 551 452
5 488 512 506 484 568 491 452 430
6 608 642 673 677 671 647 582 517
7 550 589 613 614 609 563 524 462I 8 571 611 629 634 620 577 532 466
9 582 621 657 662 642 576 525 477

10 643 711 763 816 771 743 749 505
11 759 841 892 880 830 845 686 960
12 765 838 901 962 971 972 970 967
13 717 765 821 838 836 813 784 764
14 642 587 654 688 751 746 651 660
15 745 807 851 83ý 835 781 725 653

Area # 12:30 13:00 13:30 14:00 14:30 15:00 15:30 16:00
1 735 713 645 545 571 484 356 357
2 379 332 288 249 293 321 368 374
3 366 306 263 235 275 308 339 351
4 350 299 241 217 262 288 315 326
5 374 355 319 237 263 268 291 383
6 434 360 308 243 324 347 399 328
7 370 291 248 221 273 293 322 333
8 372 297 239 221 265 284 315 327
9 351 287 231 213 251 276 300 315

10 278 350 243 208 226 256 258 276
11 8S 729 722 570 576 476 294 317
12 911 872 796 595 604 512 316 339
13 719 685 635 514 550 538 519 51.8
14 621 462 614 443 260 292 311 257
15 526 402 277 245 275 290 297 300
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MI LUMINANCE AT 08:30 MI LUMINANCE AT 09:Me
M=TRING WEST AT 36 FEET MIETERING WEST AT 36 FEET

20 JUNE, 1991; CLEAR SKIES 20 JUNE, 1"I1; CLEAR SKIES
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Figure 2411 Figure 242

MI LUMINANCE AT 09:30 Nil LUMINANCE AT 16:00
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MI LUMINANCE AT 10:30 MI LUMINANCE AT 11:00

METERING WEST AT 36 FEET METERING WEST AT 36 FEET
20 JUNE, 1991; CLEAR SKIES 20 JUNE, 1991; CLEAR SKIES

* 3-i* ~i'N. 2im
VU

2-.4 06 2.4

z L

0 2 4 6 s 1 . 1 6 1 4 6 0 10 1- 14

MEASUREMENT AREA CODE MEASUREMENT AREA CODE

L• "L. -- Lb La "Lv 
4 - L-

Figure 245 Figure 246

Ml LUNMINANCE AT 11:30 MI LUMINANCE AT 12:00
,VETERING WEST AT 36 FEET METERING WEST AT 34 FEET
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M1 LUMINANCE AT 12:30 M1 LUMINANCE AT 13:00
METERING WEST AT 36 FEET METERLNG WEST AT 36 FEET
20 JUNE, 1"91; CLEAR SKIES 20 JUNE, 1391; CLEAR SKIES

3,6W0

- 24"

U 2,4 2,d0QL

2,O 2.m.

z

'4w

t4 -- - -t

0 2 4 10 12 14 a 2 4 4 II is 1 14

MEASUREMENT AREA CODE MEASUREMNENT AREA CODE

.L -+-"L L b .L 
4 

-I • .

A , r

"tig-ure 249 Figure 250

Ml LUMINANCE AT 13:30 Ml LUMINANCE AT 14:00
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M1 LUMIINANCE AT 14:30 MI LUMINANCE AT 15:00
METERING WEYT AT 36 FEET METERING WEST AT 36 FEET
20 JUNE, 1991: CLEAR SKIES 20 JUNE, 1991; CLEAR SKIES
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Ml LUMINANCE AT 15:30 MI LUMINANCE AT 16:00
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Table 53. Luminance Ratio (Lv/Ln).

Area # 08:30 09:00 09:30 10:00 10:30 11:00 11:30 12:00
1 0.25 0.23 0.24 0.24 0.23 0.22 0.23 0.20
2 0.25 0.25 0.24 0.24 0.24 0.23 0.24 0.23
3 0.24 0.25 0.24 0.23 0.22 0.22 0.24 0.23
4 0.25 0.25 0.24 0.24 0.23 0.21 0.24 0.23
5 0.23 0.25 0.21 0.23 0.23 0.25 0.29 0.27
6 0.25 0.25 0.24 0.24 0.23 0.23 0.25 0.24
7 0.25 0.24 0.24 0.24 0.23 0.23 0.25 0.23
8 0.24 0.25 0.23 0.23 0.24 0.23 0.25 0.23
9 0.25 0.25 0.23 0.24 0.24 0.22 0.26 0.24

10 0.21 0.23 0.29 0.23 0.20 0.35 0.50 0.20
11 0.27 0.24 0.21 0.21 0.26 0.20 0.28 0.24
12 0.24 0.24 0.23 0.23 0.22 0..2, 0.23 0.21
13 0.24 0.24 0.23 0.23 . 0.23 0.22 0.23 0.22
14 0.27 0.20 0.20 0.23 0.39 0.28 0.17 0.19
15 0.24 0.24 0.24 0.24 0.23 0.23 6.24 0.23

Axea # 12:30 13:00 13:30 :4:00 14:30 15:00 15:30 16:00
1 0.21 0.20 0.22 0.21 0.35 0.26 0.39 0.51
2 0.24 0.26 0.31 0.34 0.38 0.42 0.49 0.53
3 0.24 0.26 0.30 0.33 0.38 0.41 0.48 0.53
4 0.25 0.26 0.30 0.33 0.37 0.40 0.48 0.52
5 0.24 0.27 0.25 0.29 0.37 0.44 0.5,6 0.62
6 0.24 0.25 0.32 0.35 0.40 0.42 0.53 0.58
7 0.24 0.26 0.30 0.33 0.38 0.41 0.48 0.51
8 0.24 0.25 0.29 0.31 0.38 0.40 0.47 0.51
9 0.24 0.27 0.30 0.31 0.37 0.39 0.46 0.50
10 0.24 0.19 0.37 0.28 0.37 0.45 0.48 0.64
11 0.22 0.19 0.22 0.17 0.22 0.24 0.34 0,48
12 0.21 0.20 0.20 0.19 0.22 0.25 0.33 0.44
13 0.21 0.22 0.22 0.21 0.24 0.25 0.28 0.30
14 0.27 o.1a 0.40 0.14 0.23 0.26 0.22 0.48

15 0.23 0.25 0.29 0.26 0.31 0.33 0.38 0.41

Ax 0a # MI~h21JK MAX hI" DIFF STD

1 0.20 0.51 0.31 0.08
2 0.23 0.53 0.30 0.10
3 0.22 0.53 0.31 0.10
4 0.21 0.52 0.31 0.09
5 0.21 0.62 0.41 0.12
6 0.23 0.58 0.35 0.11
7 0.23 0.51 0.28 0.09
8 0.23 0.51 0.28 0.09
9 0.22 0.50 0.28 0.08

"10 0.19 0.64 0.45 0.13
11 0.17 0.48 0.31 0.07
12 0.19 0.44 0.25 0.06
13 0.21 0.30 0.09 0.02
14 0.14 0.48 0.34 0.09
15 0.23 0.41 0.19 0.06

Note: MINIMUM refers to the smallest transmittance. obtained between 08:30 and 16:00.
MAXIMUM refers to the largest transmittance obtained between 08:30 and 16:00.
DIFFERENCE refers to the difference between MAXIMUM and MINIMMUM.
STD refers to the standard deviation of trmnsmittance for each measurement area.
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Table 54. Luminance Ratio (Lh/Ln).

Area # 08:30 09:00 09:30 10:00 10:30 11:00 11:30 12:00
1 0.26 0.26 0.26 0.25 0.27 0.26 0.30 0.28
2 0.26 0.26 0.26 0.27 0.27 0.28 0.29 0.30
3 0.26 0.27 0.26 0.27 0.26 0.26 0.28 0.30
4 0.26 0.26 0.26 0.27 0.27 0.26 0.29 0.29
5 0.29 0. 7 0.25 0.25 0.29 0.29 0.39 0.34
6 0.27 0.27 0.27 0.27 0.28 0.29 0.31 0.30
7 0.26 0.26 0.26 0.27 0.28 0.27 0.30 0.30

8 0.25 0.27 0.25 0.26 0.27 0.27 0.30 0.30
9 0.27 0.26 0.26 0.27 0.28 0.27 0.30 0.32

10 0.28 0.26 0.32 0.27 0.27 0.44 0.74 0.33
11 0.31 0.26 0.26 0.25 0.28 0.24 0,25 0.32
12 0.25 0.25 0.26 0.27 0.26 0.27 0.29 0.28
13 0.25 0.25 0.26 0.27 0.27 0.27 0.29 0.28
14 0.26 0.21 0.23 0.28 0.47 0.34 0.21 0.23

15 0.25 0.25 0.26 0.26 0.27 0.27 0.29 0.28

Area # 12:30 13:00 13:30 14:00 14:30 15:01 15:30 16:00

1 0.27 0.28 0.29 0.27 0.49 0.35 0.47 0.59
2 0.32 0.35 0.42 0,39 0.47 0.51 0.59 0.61
3 0.32 0.34 0.40 0.39 0.44 0.50 0.55 0.58
4 0.32 0.34 0.39 0.38 0.45 0.47 0.52 0.56
5 0.31 0.35 0.38 0.36 0.47 0.57 0.67 0.87
6 0.32 0.38 0.51 0.45 0.62 0.62 0.76 0.63
7 0.31 0.33 0.37 0.38 0.47 0.48 0.53 0.57

8 0.31 0.32 0.37 0.37 0.45 0.47 0.52 0.56
9 0.30 0.33 0.37 0.36 0.43 0.46 0.50 0.55

10 0.28 0.36 0.46 0.36 0.44 0.55 0.56 0.74
11 0.30 0.27 0.30 0.25 0.30 0.33 0.40 0.&5
12 0.28 0.25 0.29 0.25 0.31 0.34 0.36 0.52
13 0.28 0.29 0.29 C.26 0.31 0.32 0.33 0.36
14 0.44 0.25 0.72 0.23 0.25 0.39 0.26 0.4r

15 0.28 0.30 0.34 0.31 0.36 0.35 0.42 0,45

Area # MINIMU MAXIMU Di" STO'
1 0.25 0,59 0.33 0.10

2 0.26 0.61 0.35 0.12
3 0.26 0.58 0.33 0.11
4 0.26 0.56 0.30 0.10
5 0.25 0.87 0.63 0.17
6 0.27 0.76 0.50 0.16
7 0.26 0.57 0.31 0.10

8 0.25 0.56 0.30 0.10
9 0.26 0.55 0.29 0.09

10 0.26 0.74 0.48 0.15
11 0.24 n.55 0.31 0.07

12 0.25 0.52 0.27 0.06
13 0.25 0.36 0.10 0.03
14 0.21 0.7Z 0.51 0.13
15 0.25 0.45 0.21 0.06

Note: MINIMUM refers to the smallest transmittance obtained between 08:30 and 16:00.
MAXIMUM refers to the largest transmittance obtained between 08:30 and 16:00.
DIFFERENCE refers to the difference between MAXIMUM and MINIMUM.
STD refers to the standard deviation of transmittance for each measurement area.
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Table 55 shows the difference in the amount of vertical and horizontal polarization. The
graphs of Figure 287, Figure 288,...Figure 304 show the results graphically.

Table 55. Luminance Difference (Lh - Lv).

Area * 08:30 09:C0 09:30 10:00 10:30 11:00 11:30 12:00

1 29 55 50 50 87 106 155 233

2 29 37 43 66 83 100 92 111
3 25 31 66 100 98 93 87 113
4 24 37 59 83 115 108 94 107

5 113 38 85 23 112 58 121 98

6 45 45 73 91 111 132 115 105

7 21 33 55 69 93 91 96 103
a 26 26 56 69 76 81 96 105
9 29 40 73 79 84 95 78 120

10 151 69 82 130 187 144 241 188
11 106 61 162 136 58 155 -70 249
12 38 50 98 146 159 191 214 251
13 16 36 82 104 132 142 164 187
14 -24 25 103 116 138 132 105 138

15 9 36 75 fd 105 109 128 127

Area # 12:30 13:00 13:30 14:00 14:30 15;00 15:30 16:00
1 161 196 159 130 160 1L6 59 50

2 94 78 77 34 59 58 64 47
3 95 73 68 33 48 54 43 35
4 77 71 55 26 42 46 29 20
5 85 7A 110 41 60 60 49 113

6 117 117 118 5! 111 112 122 26
7 82 61 45 29 49 43 29 31

8 78 63 46 33 43 38 30 27
9 65 52 44 31 36 40 26 27

10 43 i63 51 46 34 46 36 36

11 238 219 190 186 157 131 42 41

12 251 251 235 137 165 136 40 49
13 188 171 162 103 123 114 87 81

14 240 1.1 271 175 24 99 48 -7
15 102 62 42 38 39 43 30 25

Axea # MINK-M M01.0l17, D" STD

1 29 233 204 59
2 29 111 82 24
3 25 11 84 2S
4 20 115 95 31
5 23 121 96 30

6 26 132 106 32
7 21 103 83 27
8 26 105 79 25
9 26 120 95 27

10 34 241 206 66
11 -70 249 319 83

12 36 251 214 76
13 16 188 172 49
14 -24 271 295 79
15 9 128 119 37

Note: MINIMUM refers to the smallest difference obtained betwecn 08:30 and 16:00.
MAXIMUM refers to the largest difference obtained between 08:30 and 16:00.
DIFFERENCE re-fers to the difference between MAXIMUM and MINIMUM.
STD refers to the standard deviation of difference for each measurement area.
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ANALYSIS OF 20 JUNE, 1991 STUDY

An interesting photograph of the diurnal photographic study (Figure 225, Figure 226,...,
Figure 240) is Figure 235. This photograph shows the MIAI at 13:30. As Table 56
indicates, this is approximately the time the sun crosses the meridian (sun due south). Since
the MIA1 was positioned along a north-south line, the angle of incidence of the sun's rays
on the skirt areas (Area #15, slope 90%, azimuth 2700) is 90*. The sun does not radiate its
energy directly on the skirt area shortly after 13:30. This explains why all the vertical areas
oriented along a north-south line on the MIA1 give low luminance rcadings after 13:30. The
luminance of these areas after 13:30 is due to skylight (and to a lesser extent other sources)
and is approximately 700 cd/m 2 (Table 50, Figure 251, Figure 252,..., Figure 256).

The sun's rays make an angle of incidence of 900 with Area #12 (Figure 224, slope 60',
azimuth 2700) shortly after 15:30. The sun's rays make an angle of incidence of 900 with
Area #13 (Figure 224, slope 600, azimuth 2040) shortly after 16:00.

Table 56. Sun's Position and Angles of Incidence for 20 June, 1991

Area #12 Area #13 Area #15
Slope Slope Slope

Longitude 83.0 60 60 90
Latitude 42.5 Azimuth Azimuth Azimuth

270 204 270

EDST Hour < Altitude Azimuth <i <i <i

08:30 284.0 20.6 267.7 9.1 50.0 27.1
09:00 219.5 26.1 272.8 3.9 52.3 31.4
09:30 299.0 31.6 278.2 6.7 54.9 36.7
10:00 306.5 37.0 284.0 13.1 57.6 42.5
10:30 314.0 42.3 290.4 19.8 60.5 48.7
11:00 321.5 47.4 297.7 26.7 63.4 55.2
11:30 329.0 52.1 306.2 33.6 66.3 61.8
12:00 336.5 56.2 316.3 40.5 69.2 68.6
12:30 344.0 59.6 328.4 47.3 72.0 75.4
13:00 351.5 61.9 342.5 54.2 74.7 82.3
13:30 359.0 62.9 358.0 60.9 77.3 89.1
14:00 6.5 62.3 13.68 67.7 79.7 ----
14:30 14.0 60.3 28.20 74.4 81.9
15:00 21.6 57.2 40.78 81.0 83.9
15:30 29.1 53.2 51.37 87.5 85.6
16:00 36.5 48.6 60.27 ---- 87.0

NOTE: SOUTH - 0, WEST- 90", NORTH - 180"% EAST - 270"
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I At 8:30, the luminance of Area #12 and Area #15 are nearly equal, 3021 cd/m 2 and 3023
cd//m2 respectfully, and the contrast between these two areas is zero. However, at 13:30, the
luminance of Area #12 and Area #15 is 2760 cd/n 2 and 819 cd/m 2 respectfully and the
contrast between these twe .reas is 2.4.

An important consequence of the shading of selected areas on a vehicle is contrast variation
between different areas of the vehicle. The increase in contrast between Area #12 of the
MIA1 (turret facet) and Area #15 of the MIA1 (skirt) at 13:30 compared to 8:30 increases
the visibility of the vehicle and produces a visible signature.

At the conclusion of this study, it was initially thought that the polarization data of this study
would be of little value. The vertical and horizontal positions of the transmission axis do not
necessarily correspond to the minimum and maximum polarization readings. However, in a
later study conducted on 15 July, 1991, it was found that the minimum and maximum3polarization angles correspond very closely to the vertical and horizontal positions of the
polarizer (Figure 305 and Figure 306). Also, there is a wealth of information contained in
this polarization data that does not relate to minimum and maximum polarization angles.
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The optical density of the polarizer used for this study was determined, using unpolarize.
light from a Macbeth TD 502 Densitometer, to be 0.60. This corresponds to a transmittance
of 0.25. (See Appendix A for a discussion of optical density and transmittance.) However,
the transmittance can be greater thaa 0.25 if tlarrized light is incident on the polarizer. As a
matter of fact, if the transmittance is found to be greater than 0.25, it is reasonably certain
that some of the light entering the polarizer is polarized light.

The ratio of a luminance reading with a polarizer hi front of the meter to the luminance
reading without a polarizer in front of the meter is equal to the transmittance of the polarizer.
Any ratio greater than 0.25 corresponds to polarized light entering the polarizer.

For example, virtually all the luminance ratios Lv./Ln (transmittance with the transmission
axis of the polarizer vertical) for all fifteen areas of the MIA1 studied are 0.25 up to a time
of 13:30. The ratios L./Ln at 13:Ck and after are generally greater than 0.25 (Table 53,
Figure 257, Figure 258,..., Figure 270). Since the transmittance is greater than 0.25 at
13:30 and after, the amount of polarized light entering the polarizer increases after 13:30.
But most of the MIA1 areas studied do not receive light directly from the sun after 13:30!
The only other reasonable source for this polarized light is sky light.

The nature of the ratios Lh/L. (transmittance with the transmission axis of the polarizer
horizontal) are similar to the ratios L./L.. However, there are two distinct differences:

1. With a few minor exceptions, ý.he ratios LhIL., for all fifteen areas studied, are greater
than L/L for all times between 8:30 and 16:00 (Table 53, Table 54, Figure 257,
Figure 258,..., Figure 286).

2. Unlike L,/L., which has a near constant value of 0.25 from 8:30 to 13:30 and then
increases after 13:30, Lh/L,, slowly increases from 8:30 to 13:30. The ratio Lh/L.
increases at a greater rate after 13:30 than it does before 13:30.

When the MIAI is oriented along a north-south line and viewing of the MIAI is toward the west,
the azimuth range of the sky which can affect polarization meas,irements of the MIAI is from 1800
to 3600 (south = 0Q). In other words, only light from the eastern hemispherical region of the sky
can affect polarization measurements.

The photographs of Figure 307 show how the polarization of light from the sky for this region
changes with time from 10:30 to 16:00. Thesm photographs were obtained by placing a polarization
axis finder in front of a 100 mm macro lens fitted with an extention tube an attached to a 35 mm
Canon Al camera. The darker and broader the two opposing wedges appear, the greater the
intensity of the polarized incident light. The polarization axis is along a line drawn .hrough the
center of the wedges. Appendix B gives a discription of the polarization axis finder.

151



10:30. 11 August, 1991. Sun's Position: Altitude = +41.7, Azimuth = 289.7

I i
180 200 220 240 260 280 300 320 340

12:00. 11 August, 1991. Sun's Position: Altitude = +55.7, Azimuth 315.2

180 200 220 240 260 280 300 320 34013:00. 11 August, 1991. Sun's Position: Altitude = +61.6, Azimuth = 340.8

180 200 220 240 260 280 300 320 340

14:00. 11 August, 1991. Sun's Position: Altitude = +62.3, Azimuth = 11.9

* DD!w DI
180 200 220 240 260 280 300 320 34014:00. 11 August, 1991. Sun's Position: Altitude = +62.5, Azimuth 3.

180 200 220 240 260 280 300 320 340
16:00. 11 August, 1991. Sun's Position: Altitude = +49.1, Azimuth = 59.2

180 200 220 240 260 280 300 320 340

Figure 307

The Eastern Hemispherical Sky at 300 Altitude as Seen Through a Polarization Axis Finder

Note: A7imuth angles are displayed below the photograghs.
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The sky photographs of Figure 307 illustrate clearly that the eastern hemispherical region of the sky
produces an increasing amount of polarized light from 10:30 to 16:00. At 10:30, the polarization of
this region is particularly strong to the nort; and very weak to the south. As the sun's position
advances to the west, the polarization of the southern portion of the sky's eastern hemisphere
increases.

Another trend in the polarization data of this study relates to the diurnal difference 6L = L- L.
In general, for most of the MIA1 areas studied, AL increases from S:30 to approximately 11:30
then decreases from 12:00 to 13:30. Although this phenomenon is on a small scale,
(AL - 150 cd/m 2) it definitely exists and it is interesting because it appears to be related to the
altitude of the sun and the polarization axis of sky light.

The maximum deviation of the polarization axis of sky light from the horizontal occurs at 900 to the
sun's dire-tion and is equal to the complement of the sun's altit'!dzL. The sua's altitude is
approximately 450 at 11:00 (Table 56) and increases to a maximum 630 at 13:30.

SUMT ARY OF 20 JUNE, 1991 STUDY

The followirg are the highlights of this study:

1. The maximum luminance acquired for the MIA1 was 3667 cd/m 2 (10:30, Area #12 slope 600,
azimuth 2700).

2. Large scale shading occurs when the sun's position creates a 90° angle of incidence for the skiit
area of the MIA1 (13:30, Area #15, slope 90*, azimuth 270). Tbhs causes contrast variation
(0 to 2.4), and increases the visibility of the vehicle and produces a visible signature.

3. The minimum and maximum polarization angles for light reflected from different areas of the
MIAI correspond closely to the vertical and horizontal positions of the transmission axis of a
linear polarizer.

4. The transmittarce of P polarizer is greatzr for polarized light than it is for unpolarized light.

5. The greatest degree of polarization from the MIA1 occurs when no direct light from the sun
reaches its surfaces.

6. Sky light, which is partially polarized due to Rayleigh scattering, is a source of polarized lighc.

7. The degree Gf polarization of sky light for the eastern hemispherical sky increases from 8:30 to
16:00 from ncrth to south.

8. The horizontal component of polkrized light from the MIAl is greater than the vertical
component for almost ever, M1AI area studied. The maximum differen1ce occurs at
approximate!7 11:30.
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LUMINANCE, POLARIZATION AND CIROMATICITY3 STUDY ON 15 JULY, 1991

This study is similar to the 20 June, 1991 study with the following differences:

1. Only three MIAI areas were metered, Ar-..a #12, Area #13 and Area #15 (Figure 224).

2. A !inear polarizer (O.D. = 0.5) was rotated in front of the LS-100 luminance meter until3 a minimum reading was acquired. The polarization angle and luminance were both recorded.

3. The same polarizer was rotated ir front of the LS-100 luminance meter until a maximumj reading %,as acquired. The polarizatior angle and luminance were both recorded.

4. A Minolta CS-100 luminance meter was also used to acquire the three coordinates for the
CIE Chromaticity Diagram. The same MIAI areas (Figure 224, Area #12, Area #13 and
Area #15) were metered with the CS-100 as with the LS-100. Also, z grass area (circle in
Figure 309) and three dffeent tree areas (numbered areas in Figure 310) were metered with

U the CS-100.

!

-r -

Figure 308
i MIAI, LS-100 (right) and CS-100 (left) Positions for 15 July, 1991 Study
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Figure 309
Location of th'e Grass Area Metered on 15 July, 1991

Figure 310
Location of the Three Tree Areas Metered on 15 July, 1991
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STable 57. MIAI Luminance and Polarization Data for Area #12 on 15 July, 1991

.... TIME Ln Lain Irax <min <max
08:00 3065 890 907 30 115
08:30 3308 971 988 112 37
09:00 3442 1012 1069 80 -12
09:30 3617 1039 1142 80 -10
10:00 3649 1033 1196 79 -10
10:30 3617 998 1190 80 -10
11:00 3659 972 1228 80 -13
11:30 3574 945 1235 74 -17
12:00 3533 916 1247 78 -12

12:30 3533 903 1275 76 -20
13:00 3292 859 1236 80 -15
13:30 2922 742 1090 80 -10
14:00 2520 658 1008 80 -10
14:45 1872 534 820 82 -8

STable 58. MIA1 Luminance and Polarization Data for Area #13 on 15 July, 1991

TIME Ln Lmin Lmax <min <max
08:00 2735 793 814 -30 74
08:30 2785 835 859 112 37
09:00 2;96 836 878 100 17
09:30 2807 829 891 98 2
10:00 2728 802 890 93 1
10:30 2608 737 855 83 -10
11:00 2505 700 845 90 0
11:30 2413 667 829 83 -8
12:00 2351 634 802 79 -512:30 2350 640 818 83 -5
13:00 2211 625 773 82 -4

13:30 1966 565 713 83 -2
14:00 1851 545 646 87 -2
14:45 1685 480 581 88 -1

NOTES: Range - 36 feet. Minolta LS-100 Luminance meter

SClesr Skies Until 12:00 !.ight Overcast & Cloudy After 12:00)

Optical Donsfty of linear polarizcr - 0.50

L' - Luminance reading with nc polarizer
Lmin - Luminance reading with polarizer rotated to produce a minimum reading

- - L-ax - Luminance reading with polarizer rotated to prod-ice a maximum reading

MIN < - The polarization angle which produces a minimum luminance reading
MAX < - The polarization angle which produces a maximum luminance readin&
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Table 59. MIA1 Luminance and Polarization Data for Area #15 on 15 July, 1991

TIME Ln Lain Laax <rain <max
08:00 3169 971 996 94 0
08:30 3313 1022 1037 42 135
09:00 3280 1036 1070 62 -18
09:30 3321 995 1056 82 -15
10:00 3205 910 1014 82 -15
10:30 3011 841 971 74 -20
11:00 2742 788 945 73 -12
11:30 2524 702 854 79 -17
12:00 2209 614 760 76 -17
12:30 1902 520 649 78 -5
13:00 1097 339 403 71 -18
13:30 637 209 229 76 -6
14:00 612 206 230 85 -9
14:45 641 188 221 73 -5
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* Table 60. MIA1 Luminance and Polarization Calculations for Area #12 on 15 July, 1991

TIME Lmin.Lmax Lmin/Lmax Lmin/Ln Lmax/Ln <Diff Deg of Polar
08:00 17 0.981 0.290 0.296 -85 0.009
08:30 17 0.983 0.294 0.299 75 0.009
09:00 57 0.947 0.294 0.311 92 0.027
09:30 103 0.910 0.287 0.316 90 0.047
10:00 163 0.864 0.283 0.328 89 0.073
10:30 192 0.839 0.276 0.329 90 0.088
11:00 256 0.792 0.266 0.336 93 0.116
11:30 290 0.765 0.264 0.34A 91 0.133
12:00 331 0.735 0.259 0.353 90 0.153
12:30 372 0.708 0.256 0.361 96 0.171

* 13:00 377 0.695 0.261 0.375 95 0.180
13:30 348 0.681 0.254 0.373 90 0.190
14:00 350 0.653 0.261 0.400 90 0.210
14:45 286 0.651 0.285 0.438 90 0.211

Table 61. MiAI Luminance and Polarization Calculations for Area #13 on 15 July, 1991

TIME Lmin-Lmax Lmin/Lmax Lmin/Ln Lmax/Ln <Diff Deg of Polar
08:00 21 0.974 0.285 0.292 -104 0.013
08:30 24 0.972 0.300 0.308 75 0.014
09:00 42 0.952 0.299 0.314 83 0.025
09:30 62 0.930 0.295 0.317 96 0.036
10:00 88 0.901 0.294 0.326 92 0.052
10:30 118 0.862 0.283 0.328 93 0.074
11:00 145 0.828 0.279 0.337 90 0.094
11:30 162 0.805 0.276 0.344 91 0.108

12:00 168 0.791 0.270 0.341 84 0.117
12:30 178 0.782 0.272 0.348 88 0.122
13:00 148 0.809 0.283 0.350 a6 0.106
13:30 148 0.792 0.287 0.363 85 0.116
14:00 101 0.844 0.294 0.349 89 0.085
14:45 101 0.826 0.285 0.345 89 0.095

NOTES:

S11UImx-Lmn - Difference between maximum and minimum luminance readings (Lmax Lmin)
using a rotated polarizer

Lmn/Lmx - Ratio Lmin/Lmax
Lrn/Ln - Ratio Lmin/Ln
Lax/Ln - Ratio Lmax/Ln

3 < Diff - Difference between MAX < and MIN <

Deg. of Polar - (Lmax - Lmin)/(Lmax + Lain)
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Table 62. MIA1 Luminance and Polarization Calculations for Area #15 on 15 July, 1991

TIME Lmin-Lmax Lmin/lmax Lmin/Ln Lmax/Ln <Diff Deg of Polar
08:00 25 0.975 0.306 0.314 94 0.013
08:30 15 0.986 0.Z08 0.313 -93 0.007
09:00 34 0.968 0.316 0.326 80 0.016
09:30 61 0.942 0.300 0.318 97 0.030
10:00 104 C.897 0.284 0.316 97 0.054
10:30 130 0.866 0.279 0.322 94 0.072
11:00 157 0.834 0.287 0.345 85 0.091
11:30 152 0.822 0.278 0.338 96 0.098
12:00 146 0.808 0.278 0.344 93 0.106
12:30 129 0.801 0.273 0.341 83 0.110
13:00 6'1 0.8L1 0.309 0.367 89 C.086
13:30 20 0.913 0.328 0.359 82 0.046
14:00 24 0.896 0.337 0.376 94 0.055
14:45 33 0.851 0.293 0.345 78 0.081
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Table 63 Sun's Position and Angles of Incidence on 15 July, 1991

Clear Skies until 12:00, Light Overcast after 12:00

AREA #12 AREA #13 AREA #15
SLOPE SLOPE SLOPE

LONGITUDE 83 60 60 90

LATITUDE 42.5 AZIMUTH AZIMUTH AZIMUTH
-90 -156 -90
(270) (204) (270)

EDST ALTITUDE AZIMUTH AZIMUTH <i <i <i

08:00 18.4 -102.92 257.08 16.5 49.4 22.3

08:30 23.8 -98.24 261.76 9.6 51.4 25.1

09:00 29.3 -93.45 266.55 3.1 53.6 29.5

09:30 34.8 -88.43 271.57 5.0 56.2 34.9

10:00 40.3 -83.05 276.95 11.8 58.9 40.8

10:30 45.8 -77.08 282.92 18.7 61.7 47.2

11:00 51.1 -70.26 289.74 25.7 64.6 53.8

11:30 56.2 -62.16 297.84 32.7 67.5 60.5

12:00 60.8 -52.19 307.81 39.6 70.4 67.3

12:30 64.8 -39.63 320.37 46.6 73.2 74.2

13:00 67.7 -23.85 336.15 53.5 76.0 81.2

13:30 69.1 -5.22 354.78 60.3 78.6 88.1

14:00 68.7 14.18 14.18 67.1 81.1 95.1.

14:30 66.5 31.63 31.63 73.9 83.3 102.1

15:00 63.0 45.87 45.87 80,6 85.3 109.0

NOTES:

<i - angle between sun's rays and the normal to an MlAI facet (#12, #13 and #15)

The facet represented by Area #15 was facing east. Azimuth is zero for a south

orientation. Negative angles represent rotations eastward.

The surface slopes represent angular displacements upward from the horizontal.
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j Table 64. Angles from Coordinate Axis for MIAl Area #12 on 15 July, 1991

CLEAR SKIES UNTIL 12:00, LIGhT OVERCAST AFTER 12:00

kREA #12
FACET SLOPE: 600
FACET AZIMUTH: -90 (EAST)

INCIDENT RAY REFLECTED PAY ANGL ANGLE
BETlaEEN BETWEEN

EDST +X +Y +Z +X +Y +Z I & L R & L
08:00 157.7 102.2 71.6 137.3 77.8 49.9 22.3 42.7
08:30 154.9 97.5 66.2 143.4 82.5 54.4 25.1 36.6
09:00 150.5 93.0 60.7 149.2 87.0 59.4 29.5 30.8
09:30 145.1 88.7 55.2 154.8 91.3 64.8 34.9 25.2
10:00 139.2 84.7 49.7 159.9 95.3 70.6 40.8 20.1
10:30 132.8 81.0 44.2 163.9 99.0 76.7 47.2 16.1

11:00 126.2 77.8 38.9 165.8 102.2 82.9 53.8 14.2
11:30 119.5 74.9 33.8 164.9 105.1 89.4 60.5 15.1
12:00 112.7 72.6 29.2 161.6 107.4 95.9 67.3 18.4
12:30 105.8 70.8 25.2 156.8 109.2 102.5 74.2 23.2
13:00 98.8 69.7 22.3 151.4 110.3 109.3 81.2 28.6
13:30 91.9 69.2 20.9 145.6 110.8 116.0 88.1 34.4
14:00 84.9 69.4 21.3 139.7 110.6 122.9 95.1 40.3
14:30 77.9 70.2 23.5 133.6 109.8 129.8 102.1 46.4

1 15:00 71.0 71.6 27.0 127.5 108.4 136.7 109.0 52,5

;A
NOTES:

X, Y and Z refer to the angles between the incident or reflected rays and the
i] X (west), Y (south) and Z (up) axes,

The angles between I and L or R and L refer to the angles between the incident
or reflected rays and the LS-100 lumiinance meter. The LS-100 was pointing west

when measurements were acquired.
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Table 65. Angles from Coordinate Axis for M1A1 Area #13 on 15 July, 1991

CLEAR SKIES UNTIL 12:00, LIGHT OVERCAST AFTER 12:00

AREA #13
FACET SLOPE: 60°
FACET AZI2{UTH: -156* (204)

INCIDENT RAY REFLECTED RAY &!;GLE ANGLE

BETWEEN BETWEENEDST +X +Y +Z +X +Y +Z I & L R & L
08:00 157.7 102.2 71.6 62.2 144.9 70.4 22.3 117,8
08:jO 154.9 97.5 66.2 62.3 149.0 77.2 25.1 1.17.709:00 150.5 93.0 60.7 63.1 152.3 84.1 29.5 116.909:30 145.1 88.7 55.2 64.6 154.6 90.8 34.9 115.4
10:00 139.2 84.7 49.7 66.9 155.6 97.5 40.8 113.1
10:30 132.8 81.0 44.2 69.8 155.0 104.0 47.2 110.2
11:00 126.2 77.8 38.9 73.2 153.1 110.4 53.8 106.8
11:30 119.5 74.9 33.8 77.1 150.0 116.6 60.5 102.9
12:00 112.7 72.6 29.2 81.4 146.1 122.5 67.3 98.6
12:30 105.8 70.8 25.2 86.1 141.7 128.0 74.2 93.9
13:00 98.8 69.7 22.3 91.0 136.9 133.1 81.2 89.0
13:30 91.9 69.2 20.9 96.1 131.9 137.4 88.1 83.914:00 84.9 69.4 21.3 101.5 126.8 140.9 95.1 78.514:30 77.9 70.2 23.5 106.9 121.6 143.2 102.1 73.1
15:00 71.0 71.6 27.0 112.5 116.4 144.1 109.0 67.5
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Li
Table 66. Angles from Coordinate Axis for MIA1 Area #15 on 15 July, 1991

, CLEAR SKIES UNTIL 12:00, LIGHT OVERCAST AFTER 12;00

AR EA D15
FACET SLOPE: 900
FACET AZIMUTh: -90" (270)

SINI.DE,, :Y REFLECTED RAY ANGLE ANGLEJ BET'WEEN BETWEEN
EDST +X +Y Y +Z I & L R & L
08:00 157.7 102.2 71.6 157.7 77.8 108.4 22.3 22.3F] 08:30 154.9 97.5 66.2 154.9 82.5 113.8 25.1 25.1
09:00 150.5 93.0 60.7 15C.5 87.0 11.9.3 29.5 29.5
09:30 145.1 88.7 55.2 145.1 91.3 124.8 34.9 34.9
10:00 139.2 84.7 49.7 139.2 95.3 130.3 40.8 40.8
10:30 132.8 81.0 44.2 132.8 99.0 135.8 47.2 47.2
11:00 126.2 77.8 38.9 126.2 102.2 141.1 53.8 53.3
11:30 119.5 74.9 33.8 119.5 105.1 146.2 60.5 60.5
12:00 112.7 72.6 29.2 112.7 107.4 150.8 67.3 67.3
12:30 105.8 70.8 25.2 105.8 109.2 154.8 74.2 74.2
13:00 98.8 69.7 22.3 98.8 110.3 157.7 81.2 81.2
13:30 91.9 69.2 20.9 91.9 110.8 159.1 88.i 88.1
14:00 NA NA NA NA NA NA 95.1 NA
14:30 NA NA NA NA NA NA 102.1 NA
15:00 NA NA NA NA NA NA 109.0 NA

¶1.7
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Table 67. CIE Coordinates for M1Al Facets on 15 July, 1991

MIAl AREA #12 MIAl AREA #13
TIME L X Y L X Y
08:00 2740 0.354 0.383 2500 0.347 0.376
08:30 30?0 0.347 0.378 2770 0.34i 0.371
09:00 3280 0.344 0.375 2850 0.333 0.368
09:30 3480 0.342 0.373 2900 0.336 0.366
10:00 3560 0.341 0.372 2830 0.335 0.365
10:30 3520 0.341 0,371 2720 0.334 0.364
11:00 3490 0.340 0,370 2630 0.333 0,363
11:30 3490 U.339 0.368 2520 0.332 0.362
12:00 3480 0.338 0.366 2420 0.331 0,360
12:30 3520 0.336 0.364 2440 0.329 0.358
13:00 3280 0.336 0.363 2310 0.329 0.356
13:30 2950 0.334 0.381 2100 0.327 0.354
14:00 2560 0.332 0.359 1990 0.325 0.352
14:45 1870 0.330 0.356 1770 0.323 0.349

MIAI AREA # 15
TIME L X Y
08:00 2910 0.360 0.378
08:30 3270 0.352 0.372
09:00 3310 0.349 0.369
09:30 3370 0,346 0.367
10:00 3210 0.345 0,366
10:30 3010 0.345 0.366
11:00 2780 0.343 0.364
11:30 2580 0.343 0.363
12:00 2200 0.342 0.362
12:30 1950 0.340 0.360
13:00 1330 0.338 0.358
13:30 740 0.330 0.351
14:00 574 0.327 0.350
14:45 631 0.331 0.353

NOTES:

Readings from Minolta CS-IO0.

Clear Skies Until 12:00. Light Overcast & Cloudy After 12:00.

L - Luminance; X,Y - CIE Coordinates.

IMIA! Range - 36 Feet. Grass Range - 40 Feet. Height - 5 Feet.

TEST CARD (FRESHLY PAINTED WITH 4 COATS OF WHITE TE1MPRA PAINT):
L - 18,700 cd/m2 X - 0.327 Y - 0.343
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Table 68. CIE Cordinates for Grass arnd Trees or 15 July, 1991

c PS S ,TREE #1
T!HE L X Y L X Y
03-00 2650 0.387 0.426 738 0.356 0.421
08:30 3120 0.382 0.426 743 0.349 0.414
09: 00 3300 0.380 0.424 698 0.344 0. 410
09:30 3530 0.378 0.425 688 0.343 0.40S
10:00 3400 0,379 0.A21 616 0.340 0.403
10:30 3340 0.373 0.425 528 0.337 0.398
11:00 3350 0.377 0.425 459 0.332 0.396
11: 30 3170 0. 78 0. 423 466 0.332 0.395
12:00 2200 0.3a2 0. 362 441 0.329 0.391
12:30 3330 0.378 0.419 392 0.324 0.330
13:00 3200 0.379 0.423 359 0.321 0.378
13:30 3110 0.379 0.413 334 0.316 0.37214:00 3040 0,380 0.423 277 0.308 0.35014:45 3070 0.383 0.422 287 0.303 0,345

TRE E 42TRE#
TIME L X Y L X Y
08:00 844 0.357 0.425 851 0.360 0,430
08:30 827 0.353 0. )47 864 0.354 0.422I 09:00 794 0.351 0.412 783 0.352 0.416
09:30 734 0.350 0.409 732 0.348 0.4131.0:00 731 0.347 0.406 674 0.346 0.408
14 10. 30 652 0.346 0.404 563 0.343 0,403
11:00, 32 0.344 I. 399 397 0.338 0.396
11:30 4 3 0,339 0.394 307 0.331 0.336
120G0 373 0.333 0.•38 266 0. 322 0.378
12:30 339 0.330 0.3.32 236 0.320 0.376
13:00 325 0.321 0.377 281 0.317 0.371
13:30 304 0.318 0,371 230 0.316 0.369
14: 00 200 0. 314 . 36"4 311 0.316 0.364
14,5 290 0.307 0.350 320 0.311 0.355
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ANALYSIS OF 15 JULY, 1991 S'UDY

Table 69 Lists the mamum luminance reaýng Table 69. Maximum Luminance
acouired for each of the three M1A! face:s
measured and tlie times for which these maximums tLm f Time
occur. These values are conparable to those 12 3659 11:00
obtained in other studies (Table 50). 13 2807 9:30

As was found in the 20 'une, 1991 study, with 1 3321 9:30
M1IA oriented along a north-south line, large scale .
shading occurs for all vertical facets (skirt area)
also oriented along a north-south line when the. sun crosses the meridi-an (13:30 EDST). The
carLrast variation produced by this sha'di~ng, beteen Area #12 (turret) and Area #15 (skirt),
ranges from -0.03 at 8:00 to 3.59 at 13:30 (Table 57 and Table 59). This contrast variation
-ncreases the visibility of the vehicle and pr-oduces a visual signature.

The axis of polarization which produced a minimum luminance reading had an orientation of
approximately 80° from the horizontal. In other words, the transmission axis of the polarizer
wras nearly vertical for minimum readings. This was found to be true for all three M1Al facets
studied a.nd for all times during the day except during the early morning hours (8:00 - 9:00)
when the sun was in the eastern sky (Figure 315). Since the region of the sky near the sun
produces little polarized light (Figure 307), the sunlight reflected from a north-south oriented
vehicle during the times 8:00 to !0:00 EDST is mostly unpolarized light. This accounts for the
difficuity in devermining minimum and mzx!mum polarization angles during this time of the day.

"Th•e axis of polarization which produc2d a mnaximrnum luminance reading hAd an orientmon of
approximately -10' from the horizontal. In other words, the transmission axis of the ,,-)arizer
was nearly horizontal for maximum readings. This was found to be true for all thrie M1A1
facets studied and for a!l times during the day except duiing the early morning hours (8:00 -
9:00) when the sun was in the eastern sky (Figure 316).

Table 60, Table 61 and Figure 320 give the calculated degree of polarization obtained for the
threc M1IAI surface areas studied. The degree of polarization is given by

LIM - L-l,
LM4•x + LU1V€

where LMAX and LMIN are the maximum and minimum luminance readings obtained while
rotating a linear polarizer in front of the luminance meter.

193

I



For turreýt Area 1/12, the dogree- of polarization increased from 0.01 to 0.21 duri-ng thý timne
j interval from 8:00 to 14:00.

Forture~ rea111, te dgre ofpolriation increased from 0.01 to 0.12 during the time

interval from, 3:00 !o 12:30. It then deý:crased fromn 0. 12 to 0.0,9 during- the, time irrtervqal from'f
12:30 to 14:00.

JFor skirt Area 4/15, the degree of" polarizaticon increasad from 0.01 to 0. 1! during the timre
interval from 8:001 to 12-:30. It 'Lhen decrea~szd from 0.11 to 0.05 during the one- hour time
interval fromn 12,:30 to 13:30; risin- again alfte~r the sun crossed the meridian (13:30 EDST) to

Id-U a value :) .03 at 14:45.

The sky polarization photogrzphs of Figure 307 illustrat --why t.e ~mount of linear polarized
Ilight re'1fleCctd from a north-south oriented MiIAI should incrceases after 8:00. The eastern

hemisp~her.ical sk-y is the only sky region v~hich can affe~ct western polarization readings fromn a
north-south oriented MlI Al. Therefore, since the amount of polarized Ilight from this sky region
increascs frrom sunset to solar noon (Figure 307), the degree of polarized light refle-cte-d from
the MivAI alSo increases during this saeperiod.

To discover when and whe-r- the grate-,tst degrwe of polarized letcan beý detected from a
vehicle, a circuit was constrnuctod to oraea small d.c. motor at 32' RPMA. A linear polarizedjwas p~ositioned on tb.! motor shaft. TheI- entire unit was then positioned in front of a camcorder
ais shown i~i F"igure 330'.

AA

fS

Figure 338
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As the t,"nsmission axis of the linear polarizer rotated in front of the camcorder lens, polarized
;q light entering the camcorder was observed to "flicker" in unison with the phase angle between

the polarizzd incident light and the rotating analyzer.

A video tace was created using the arrangement described above. 7he video includes 360'
views of an M1AI, M6-0, ylight and cbjects along the horizon. There is one dramatic feature
"of this video that stands out above all others. A-n outstanding amount of "flicker" (reflected

polarized iJght) c1an be detected from surfaces which receive no light directly from the sun.
Shadowi as were observed to blink on and off like flashing neon signs. Rounded surfaces,
like the M&V turret, fece. posts, cor hoods and windows, produced a considerable amount of

ii "flicker" when illuminated by direct sun light. Flat surfaces, like the skirt area of the M1Al,
"showed very littld "lick-er" when illuminated by direct sun light. But these same flat surfaces

] ffished on and off as soon as sky light became the only source of Mumination.

Lnitial a,"t;mpts at fiunding a curve fit for luminance readings acquired from different MIA1 facets
2are not completely satisfactory. The closest curve fit achieved to date is shown in Figure 332.

T17his aaph shows luminance plotted as a function of Cos i (i = angle of incidence). The curves
for tne thre facets are nearly straight lines and coincident for the time interval 12:30 to 14:00.

iThe horizontal tapering at the upper part of the curves for Area #13 and Area #15 corresponda to the time interval 8:00 to 9:30 for both curves. The horizontal tapering of the upper part of

the Area #15 curve corresponds to the time interval 8:00 to 12:00. Deviations from a linear
relation between luminance and Cos i anpear to occur during the earlier times of the day.

Two factors have yet to be explored: (1) diurnal changes in the sun's power output, (2) the

bidirectional reflectance distribution function for CARC-painted surfaces. These two factors will
be explored at a later date.

SUMMARY OF CHROMATICITY STUDY

S1. The CIE coordinates of the three• different facets measured on the MIAI shift slightly
toward the white light coordinate as the sun Moves westward from 8:0W to 14:00 (Table 19).
Figure 126 shows the CIE coordinate placement of Area #12, Area #13, Area 15 and grass

jat 8:00 and 14:CO
2. There is virtually no change in the CIE coord'nates for grass from 8:00 to 14:00 (Table 20

j• and Figure 126).

3. The CIE coordinates measured for the three different tree areas have virtmally the
same behavior. The value of both the X and Y coordinates continuously decrease from 8:00
to 14:00 (Table 20). The trees have a greater saturation of green than the MiAl and] ithey show a greater shift toward the white light coordinate from 8:00 to 14:00 (Figure 127).
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LUMIN NCE OF NEW AiV OLD C±iRC PAI=D SuRl LACES

The paint plant r- ahted a small stoel plats in the sane fashion as an MIA1. The ste-el plate was
first sandblastd and then chemicdl!y cle-n-ed. The sanie epoxy primer and gren CARC paint
was applied to the sze pl.te as would be used for an MiAl.

The CARC plate, was tLh-n alw.n .,...ly placýd adjacent to Area #112 and Area #115 as shown in
Figure 339 aj-d Fiure 340. .The CARC plate was positined so that it would have the same
slope and azimuth as Area '#12 and Anea #15.

Diurnal measurements of the lumninancr from Ar= #12, Area #15 and the CARC plate
positioned adjacent to the-se aýe-as is giv,-n in Table 70. The results of this study are shown
graphically in Figure 341, Fig'-. 342 aand Fi-urne 343.

Table 70. Luminance of MIA1 Areas (//12 & #15) and CARC Paintu Sted l Plat-

DATA: CALCItYLYIONS:

TIME L #12 L #12' L #15 L #15' L12/LI2' L15/LIS'
08:00 3020 2399 2858 2257 1.26 1.27

09:00 3274 2616 2958 2360 1.25 1.25

09:30 3456 2771 2996 2448 1.25 1.22
10:00 35f0 2955 3046 2401 1.20 1.27
10:30 3633 2985 2842 2344 1.22 1.21
11:00 3597 2954 2630 2158 1.22 1.24

11:30 3563 2939 2466 1961 1.21 1.26
12:00 3463 2355 2080 1699 1.21 1.22
12:30 3294 2678 1668 1394 1.23 1.20

13:00 3103 2467 1144 1005 1.26 1.14
13:30 2797 2190 580 624 1.28 0.93
14:00 2468 1921 553 515 1.28 1.07
14:30 2043 1552 524 463 1.32 1.13
15:00 1433 1094 503 396 1.31 1.27

Notes: Date: 31 July, 1991
Sky Conditions: Clear Skies

Range - 36 Feec

Readings from Minolta LS-100

L #12 refers to the luminance reading acquired from Area #12 on the MIAl.

L #12' refers to the luminance reading acquired from the CARtC painted steel plate
when it was positioned adjacent to Area #12 on the MlA1.

L #15 refers to the luminance reading acquired from Area #15 on the MIA!.

L #15' refers to the luminance reading acquired from the CAIRC painted steel plate
when it was positioned adjacent to Area #15 on the MiAl.
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L Ui" I!A LUM NITC E OF A,1 , ? )MlAýN"D CAMC-PAINTED STEEL ILArrE
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LUMINA-INCE OF AREA #15
M!AI AND CARC-PATNTED STEEL PLATE
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Figure 342
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MI]lLUMINANCE RATIOS
SMlA/ CAR C-PAINTED STEEL PLATE
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J ANALYSIS AýND SLUMARY OF "tFEW/OLD CARC STUTRFACE STUDY

The diurnal luminance Fraphs (Figure 341 and FigLre 342) for the weathered MIA1 CARC-
painted surfaces and the newly painted CARC surface look very similar. However, the
luminance of the weat~hered surface was always greater than the newly painted CARC surface.

2 The graph of the luminance ratio of tie weathered CARC painted surface to the newly painted
•- CARC surface (Figure 343) shows a nearly straight horizontal line for each of two different

facets metered on tihe MIAL. The luminance ratios, L 12/L 12 , and L 15/L1 5, (weathered/new) is
approximately 1.25. In other words, the 'weathered CARC painted surface is 25 percent bri.ghter
than a newly painted CARC surface.

The dip in the graph for Area #15 at 13:30 is due to shading. In hind sight, the position
selected adjacent to Area #15 for the CARC plate was a poor choice. The plate rested on a
ledge recessed two inches from the plane of Area #15. This position became shaded by turret

j] areas before adjacent Area #15.

;'J
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G GONI OPHOTOMETRIC STUDIES OF A CARC-PAINTED SURFACE

I .AZIMUTHAL STUDY

PURPOSE

The purpose of this study was to acquire information on the light-distributing properties of a
CARC (Chemical Agent Resistant Coating) painted sample illuminated by sunlight; in

I particular, to determine how luminance ieadings are affected by changers in azimuthal
viewing angle when the altitude of the viewing angle is constant.

j PROCEDURE
Table 71.

1. A five foot radius circle was drawn on a horizontal Data. 12:00 EDST
concrete parking lot.

2. A north-south line, determined by a compass, was Azimuth Luminance

1 drawn through the center of the circle. (degree) (cd/m 2)
3. The circumference of the circle was divided into 0 3565

eighteen equal arc lengths.
4. A CARC painted surface was positioned horizontally at 20 3313

the center of the circle. 40 3130
5. Two metal rods were positioned vertically 12 inches 4 3

[' apart in a block of wood. 60 3044
6. The rods were positiorv,'e on one of the azimuth marks

so that the shadows cast by the two rods were 80 2977

] coincident. 100 2939

120 2936

.140 3005j160 2970
" 180 2968

T1 200 2999

220 2964

240 3022

260 3170

-,280 3394

300 3643

S3210 3 874

Figure 345. 340 3975
Experimental Setup For Azimuth Study.
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GONTOPET•OTM[E"T.1C IRECOTRD
CARC-PJ-NTED STEEL PLATE

ILLUMINATION FROM'v SUNl

CARC PLATE SLOPE = 0°; IMETMR SLOPE = 301

j 12:00 EDST, 13 AUGUST 1991; 42.5' N, 83° VV
SOUMI = 0°, WEST =0*, NORTH = i)00, ,NST = 27G0

122 0 320

j16 2600

[]

1 100 80

J4 3 1 0 1 2 3 4

LUUMINANCE (1000 cd/rn2)

Figure 346.
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7. The L-S-ICO Minolta Luminancz MJeter, was po0sitioned, witha t~he aid of an angle level, on
a trip-od at a 30' angle with the hoiizontaL.

8. The lumin-mce meter w~as positione-d so that the two rods appeared as one when sighting
through the meter view ftnder

9. The pc-sitioning of the rods and lurninance, rmetur was reptted for each of the eighteen

azimuth mnarks along, the pe-rimeter Gf the circle.

Metering- was toward the south when the az7iimuth was 00. Azimnuth was me-asure-d clock-wise
from the south, point.

The time to acquire the data showin in Table 71 was 261 minutes.

The sun's altitude and aaLrnuth on 13 August, 19,91 at 12:00 EDST was +55.6 0 and 315.30
respectfully. T1he sun's altitudet and azrmiutlh on 13 August, 19'91, at 12:30 BDST was
+59.1*and 327.2' res-p-ctfu~y.

Skies were clear during data acquisitioni.

SUNSLAR'Y

The gloss of a surface is the degree it approa~ches a mrnr-o~r surfiace. 'he two extreme cases
of glossines.s occur for larnbertian and specular surfaczs. By definition, a Larbertian
surface is a perfe-ct reflecýting diffuser. The luminance of a Larnb-crdaiin surface is constant
and bas no deoerd:ence on angle of view. Incident light is distrbu tzd eq ly in every
direction. It is the idea surface of ze!ro -Icss. A purely sprecular Surrace produces a noniz.ro
luminance valute only at tile anlgle of mrnror reflection.

Table 71 and Figure1 346 illustrate that the CAPRC p-ainted -,amiplee exhibits approt-irnatizlyJ
Lambertian propertie-s for azimuth angles from 60' to 2400. Luminance rea_,dings varie-d by
only 108 cd/rn2 (3.6%ý,) for this range of azimuth angles. This range corresponds to the
hemisphere opposite the- sun and at right angles to the planec of incidence.

The samnple showed intermediate light-distributing propertie-s bztweeýn Lanbe-rtian and
sPecular for azimuth an-les from 24-0' to (6(e The difference between the maximumj
luminance reading auid the minimum luminpance rea-ding acquine~d was 1039 cd/rn (30. 1 .).
As would be exL~ect,-ed fromn a semni-gloss sturface, the largest lumninance reading acquired

(395 c/r 2) corresponded approximately to an azimuth angle equal to the sun's azimnuth.

Figure 346 al-so illustraes azimuthal symmietry in the sample's light-distributing properties.
A line parallel to the incid'en't plane, approximnateiy the 160'-3'0* line in Figure 346, is the
approximate axis of symm-etry.

205]

IL



j G~?11TO~2~hCREADLNC-S DIN 'flHi PLAME OF INCIDENiCE

PURPOSE

Trhe purpose- of this study was to acquire information on the light distributing pro nertes of a
CARC (Chemical Agent Resistant Coating) painted sa~mple illuminateýd by sunlight; in

H ~~particular, to deri how luminanice readings are affected by changes in the surface
altitude of the viewinga angle for readings in the plane of incidence.

J ~PROCEDUR.E

fl1. A m-agnet was a'ttachcA to a caamera tripod mount, which, in turn, was attached to a
>3 goniornetric stand, as shown in Fig-u~re 347 below.

2.A CARC-painted stec-.l plate- was attached to the magnet, as shown in Figure 3438 below.
3. Ani an gle level (Figure- 348) was us--d to set the slope of the CARC-painted sample.

>34. A metal rod was attache-d to a magnet so that the rod was normal to the samnple- when the
magnet was placed on the sample (Figure 348).

5. Two me.al rods were positioned vertically, 12 :Inches apart, in a block of wood
ýJ(Fi'gure34)

6. Theý rWs wver- positioned so ttthe shadows cast by the two rods were coincident.
7. T~he CARC-pa.'nted sample was rotated until the shadows cas;t by the two vertical rods

were coincide-nt with the shadow cast by the rod norm.-I to the sample's surface

(Figure 4).
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1 8. The LS-100 Minolta Luminance Meter was positioned, with the aid of an angle level, on
a tripod at a 20' angle with the horizontal. Figure 349 shows all the equipment used to
collect data for this study.

9. The luminance meter was positioned so that the two vertical rods and the rod normal to
the sample's surface appcared as one when sighting through the meter's view finder.

10. The sample was rotated by 5' increments, in the plane of incidence, for as many angles
as allowed by tne altitude of the sun and the 20° slope of the luminance meter. This
procedure was foilowd every 30 minutes from 03:00 to 12:30.

The time to acquire data for each 30-minute interval varied betwen 5 and 15 minutes. The
duration depended on the number of measurements available. Frequent adjustments were
made to the position of the verical rods as the sun changed its position relative to the
sample. Skies were clear during data acquisition.

Table 72 gives the sun's altitude and azimuth on 12 August, 1991 for the times data was
collected. The data tables; Tabie 72, Table 73,...Table 79; were Constructed by filtering out
data pertaining to the same CARC slope for each of the time intervals data was acquired.
Positive CARC slopes refer to tilts toward the sun. Negative CARC slopes refer to tilts
away from the sun (Figure 350).

The calculation of the angle of incidence of the sun's rays on the CARC painted surface is
shown in Figure 252, < i 900 - (Sun's Altitude + CARC Slope).

LJ

I6
9 // •21 -

91" 9 ".....:•

i Figure 349.
Gonioitie'ric Equipment for Readings in the Plane of Incidence
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Table 72. Luminance R2nd00. 'When g P, t
Slpo CAC- •.n-:d au.ý,• = 6 Luminane IMete-r Slope. 20'.

Dat: 8-12-91 Longitude: 330 west Latitude: 42.50 north

Sun's Sun's Luminance
EDST Azimuth Altituda <i Cos i (cd/rn 2 )
08:30 267.4 19.7 70.3 0.337 5937J 09:00 272.4 25.2 64.8 0.426 5631
09:30 277.8 30.7 59.3 0.511 6383
10:00 203.5 36.2 53.8 0.590 5855
10:30 2139.9 41.5 48.5 0.662 5154
11:00 297.0 46.5 43,5 0.726 4812
11:30 305.4 51.3 38.7 0.780 4807
12:00 315.3 55.5 34.5 0.824 4456

J 12:30 327.1 59.0 31.0 0.857 4341

< i - the angle of incidence of the sun's rays on the CARC painted s•ample.

Table 73. Lurninxicz Radi-.igs 'When MeNtring Parallel to ýhe Ici.dnt Platem
Sl•..•s of CARC-PaiunU Saniple = 50 ad 10'. Luminance MeZrl, Slooe = 20'.

CARC Slote = 5- CARC Slope = 10°
Luminance Luninance

"EDST <i Cos i (cd/m 2 ) <i Cos i (cd/r, 2 )
08:30 65.3 0.418 7036 60.3 0.496 7291]09:00 59.8 0.504 6575 54.8 0.577 6989
09:30 54.3 0.584 6435 49.3 0.653 6503
10:00 48.8 0.653 5955 43.8 0.721 6238
10:30 43.5 0.725 5357 38.5 0.782 5668
11:00 38.5 0.783 5080 33.5 0.834 5323
11:30 33.7 0.832 5061 28.7 0.877 5291
12:00 29.5 0.870 4688 24.5 0.910 4894
12:30 26.0 0.898 4528 21.0 0.933 4690

Table 74. Lumina'ce Readings "When MetLering Parallel to the Incident Plane.
Slope of CARC-Painti,.d Samnr!e 15- and -5'. Luminance Meter Slowe. 20".

CARC SSlop- 15' CARC Slope = -5
Luminance Luminance

EDST <i Cos i (cd/r12 ) <i Cos i (cd/m 2 )
08:30 55.3 0.569 7195 75.3 0.254 o015
09:00 49.8 0.646 6943 69.8 0.346 5353
09:30 44.3 0.716 6690 64.3 0.434 "230
10:00 38.8 0.779 6345 58.8 0.518 5926
10:30 33.5 0.834 5782 53.5 0.594 4994
11:00 28.5 0.679 5561, 48.5 0.663 4723
11:30 23.7 0.915 5177 43.7 0,723 4644
12:00 19.5 0.943 4997 39.5 0.771 4244
12:30 16.0 0.961 4674 36.0 0.809 4099
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Table 75. Luminance Readings When Metering Parallel to the Incident Plane.
Slopes of CARC Painted San.plO = -10' and -15°. Luminance Meter Slope 200,

CARC Slope- = -10° CARC Slope = -15'
Luminance Luminance

EDST <i Cos i (cd/m 2 ) <i Cos i (cd/m 2 )
08:30 .00.3 0.169 3010 85.3 0.082 1693
09:00 74.8 0.263 3865 79.8 0.178 2565
09:30 69.3 0.354 4507 74.3 0.271 3177
10:00 63.8 0.441 5340 68.8 0.361 3967

10:30 58.5 0.522 5095 63.5 0.446 4047
11:00 53.5 0.595 4899 58.5 0.523 4116
11:30 48.7 0.660 4588 53.7 0.592 4787I 12:00 44.5 0.713 4028 49.5 0.649 3863
12:30 41.0 0.754 3860 46.0 0.694 3582

I Table 76. Lumi,-ance Readings WVhen Metering Parallel to the Incidcent Plane.
Slopes of CARC Painted Sample = -200 and -25'. Luminance Met er Slope = 20'

CARC Slope = -20' CARC Slope = -25'
Luminance Luminance

EDST <i Cos i (cd/m 2) <i Cos i (cd/m2 )
08:30 90,0 0.000 661 NA NA NA
09:00 84.8 0.091 1464 89.8 0.004 619
09:30 79.3 0.186 2309 84.3 0.100 13'56
10:00 73.8 0.279 2995 78.8 0.194 2073
10:30 68.5 0.366 2960 73.5 0°233 2210
11:00 63.5 0.447 2968 68.5 0.367 2323
11:30 58.7 0.519 3431 63.7 0.443 2849
12:00 54.5 0.581 3502 59.5 0.507 2890
12:30 51.0 0.629 3320 56.0 0.559 2855

Table 77. Luminance Readings When Metering Pa-'allel to the Incident Plane.
Slopes of CA2C Painted Sample = -30' and -35'. Luminance Meter Slope 20'

CARC Slope = -300 CARC Slope = -35'
Luminance Luminance

EDST <i Cos i (cd/m2 ) <i Cos i (cd/m'?)
08:30 NA NA NA NA NA NA
09:00 NA NA NA NA NA NA
09:30 89.3 0.013 827 NA NA NA
10:00 83.8 0.108 1403 88.8 0.020 728
10:30 78.5 0.199 1640 83.5 0.113 1118
11:00 73.5 0.285 1964 78.5 0.200 1505
11:30 68.7 0.363 2277 73.7 0.280 1705*1 12:00 64.5 0.430 2319 69.5 0.350 1924
12:30 61.0 0.484 2277 66.0 0.406 2108

2/09
//
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Table 6. Luminance Readings vhen Metering Parallel to the Incident Plane.
Slopes of CARC Paintd Sample = -40' and -45'. Luminance Meter Slope = 20'.

CARC Slope = -40( CARC Slope = -45
Luminance Luminance

EDST <i Cos i (cd/m 2) <i Cos i (cd/m2 )
08:30 NA NA NA NA NA NA
09:00 NA NA NA NA NA NA
09:30 NA NA NA NA NA NA
10:00 NA NA NA NA NA NA

Jr; 10:30 88.5 0.026 419 NA NA NA
•1 11:00 83.5 0.114 1100 88.5 0.027 633

"11:30 78.7 0.195 1329 83.7 0.109 986
12:00 74.5 0.267 1526 79.5 0.182 1228
12:30 71.0 0.325 1709 76.0 0.241 1429

Table 79. Luminance Readiness WhenI Metering P-arallel to the Incident Plane.
Slopes of CARC Painted Sample = -50" and -55'. Luminance Meter Slcpe 20°.l I]

iiCARC Slope,- = -50° CARC Slope = -55'°
C o Luminance Luminance
EDST <i Cos i (cd/m 2 ) <i Cos i (cd/r. 2 )
08:30 NA NA NA NA NA NA
09:00 NA NA NA NA NA NA
09:30 NA NA NA NA NA NA
10:00 NA NA NA NA NA NA
10:30 NA NA NA NA NA NA
11:00 NA NA NA NA NA NA
11:30 88.7 0.022 606 NA NA NA
12:00 84.5 0.096 807 89.5 0.009 443
12:30 81.0 0.156 1054 86.0 0.069 67?

Because of smnl! sun altitudes in tle rly Sun's S ns
morning hours and a meter slope of 20', ays \,

i J a number of luminance readings were not
available.

The range of positive slopes was restrictfed zW

to values between 50 and 15' because of the
2 e lPositive Slope Negative Slop")

The range of negative slopes was restricted
by the sun's altitude.

Figure 350.
Positive and Negative CARC Slopes
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Table 80. Luminance Readings When Metering Parallel to the Incident Plane.
Data Arranged According to Metering Angle 0. Luminance Meter Slope 20'.

EDST i Luminance COS i 0 EDST i Luminance COS i 0
12:00 89.5 443 0.009 75 08:30 90.0 661 0.000 40
12:30 86.0 679 0.069 75 09:00 84.8 1464 0.091 40
11:30 88.7 606 0.022 70 09:30 79.3 2309 0.186 40
12:00 84.5 807 0.096 70 10:00 73.8 2995 0.279 40
12:30 81.0 1054 0.156 70 10:30 68.5 2960 0.366 40
11:00 88.5 633 0.027 65 11:00 63.5 2968 0.447 40
11:30 83.7 986 0.109 65 11:30 58.7 3431 0.519 40
12:00 79.5 1228 0.182 65 12:00 54.5 3502 0.581 40
12:30 76.0 1429 0.241 65 12:30 51.0 3320 0.629 40
10:30 88.5 419 0.026 60 08:30 85.3 1693 0.082 35
11:00 83.5 1100 0.114 60 09:00 79.8 2565 0.178 3511:30 78,7 1329 0.195 60 09:30 74.3 3177 0.271 35
12:00 74.5 1626 0.267 60 10:00 68.8 3967 0.361 35
12:30 71.0 1709 0.325 60 10:30 63.5 4047 0.446 35
10:00 88.8 728 0.020 55 11:00 58.5 4116 0.523 35
10:30 83.5 1118 0.113 55 11:30 53.7 4787 0.592 35
11:00 78.5 1505 0.200 55 12:00 49.5 3863 0.649 35
11:30 73.7 1705 0.280 55 12:30 46.0 3582 0.694 35
12:00 69.5 1924 0.350 55 08:30 80.3 3010 0.169 30
12:30 66.0 2108 0.406 55 09:00 74.8 3865 0.263 30
09:30 89.3 827 0.013 50 09:30 69.3 4507 0.354 30
10:00 83.8 1403 0.108 50 10:00 63.8 5340 0.441 30
10:30 78.5 1640 0.199 50 10:30 58.5 5095 0.522 30
11:00 73.5 1964 0.285 50 11:00 53.5 4899 0.595 30
11:30 68.7 2277 0.363 50 11:30 48.7 4538 0.660 30
12:00 64.5 2319 0.430 50 12:00 44.5 4028 0.713 30
12:30 61.0 2277 0.484 50 12:30 41.0 3860 0.754 30
09:00 89.8 619 0.004 45
09:30 84.3 1366 0.100 45
10:00 78.8 2073 0.194 45
10:30 73.5 2210 0.283 45
11:00 68.5 2323 0.367 45
11:30 62.7 2849 0.443 45
12:00 59.5 2890 0.507 45
12:30 56.0 2855 0.559 45

200

s - slope of CARO sample
0 - Angle between Meter and Sample

S20°- s
Figure 351.

Calculation of Meter Angle 0
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Table 81. Luminance Readings Parallel to the Incident Plane Continued.j Data Arranged According to Metering Angle 8. Luminance Meter Slope = 20'.

EDST i Luminance COS i 0 EDST i Luminance COS i
08:30 75.3 5016 0.254 25 08:30 60.3 7291 0.496 10S09:00 69.8 5353 0.346 25 09:00 54.8 6989 0.577 10
09:30 64.3 6230 0.434 25 09:30 49.3 6503 0.653 10
10:00 58.8 5526 0.518 25 10:00 43.8 6238 0.721 10
10:30 53.5 4994 0.594 25 10:30 33.5 5668 0.782 10
11:00 48.5 4723 0.663 25 11:00 33.5 5328 0.834 10
11:30 43.7 4644 0.723 25 11:30 28.7 5291 0.877 10
12:00 39.5 4244 0.771 25 12:00 24.5 4894 0.910 10
12:30 36.0 4099 0.809 20 12:30 21.0 4690 0.933 10S08:30 70.3 5937 0.337 20 08:30 55.3 7195 01569 05
09:00 64.8 5631 0.426 20 09:00 49.8 6943 01646 05
09:30 59.3 6383 0.511 20 09:30 44.3 6690 01716 05
10:00 53.8 5855 0.590 20 80:00 38.8 6345 01779 05
10:30 48.5 5154 0.662 20 10:30 33.5 5782 0 834 05
11:00 43.5 4812 0.726 20 83:C0 28.5 5561 01879 0511:30 38.7 4807 0.780 20 11:30 23.7 5177 0.915 05

S.. q12:00 34.5 4456 0.824 20 12:00 19.5 4997 0.943 05
i: i 12:30 31.0 4341 0.857, 20 12:30 16.0 4674 0.961 05

08:30 65.3 7291 0.418 15
09:00 59.8 6989 0.504 15

1f; ' 0:00 48.8 6238 0.658 15
1'i 0:30 43.5 5668 0. 725 15

i]11:00 38.5 5328 0.783 15
S11:30 33. 7 5291 0.832 15
•:I12:00 29.5 4894 0.870 15

12:30 26.0 4690 0.898 15

I ncidc-t Normd Sun's Sun's

Ray aysRays Norma]

AreaA7  -

s - CARC slope, A - sun's altitude \oi
] and i - angle of incidence.

iC £0" - (A + s) Area B

Figure 352. Figure 353.
Calculation of the Angle of Incidence Area B = Area A / Cos i
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SUN'S RAYS ON CAR&C-PANTED SULFACE
METERNG AT 20 DEGREES FRU RHO~IZONTAL
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SUNLMARY

The luminance readings for reflected sunlight from a Lambertian surface for the same
metering angle from tile surface would all be identical. However, the luminance readings
should be different for different metering angles. For a Lxnbertian surface, luminance
should be directly proportional to the cosine of the angle of incidence. Figure 353 illustra-es
how the light energy from the sun per unit area decreases with an increase in the angle of
incidence. The energy por unit area is directly proportional to the cosine of the ang.le of
incidence. This is the same princip!e which produces the seasons. Figure 354 is a plot of all
the luminance readings acquired as a function of Cos i. Since this graph dces not plot as a
straight line, the surface of the CARC sample is not perfectly Lamnbertian.

Table IO and Table 81 show the data from Table 72, Table 73, ... Table 79, arranged
according to meterng angle • . Figure 351 shows how these metering angles were
calulawd. T1he graphs of Figure 355, Figure 356, Figure 357 and Figure 358 consist of sets
of points which correspond to the same metering angle. For luminance readings in the plane
0of incidence, these four graphs suggest a surface rricrostructure which produces an increase
in luminance, for angles of incidence, from 9)0' to 60' but a decrease in luminance for angles
of incidence from 600 to 0'. These results are a bit peculiar since the light energy per unit4e area should increase with a decreas in the, angle of incidence (Figure 353). Also, luminance
readings a .e hicr for sm"aller metering angles; metering closer to the surface.

The graphs of Figvre 359, Figure 360,...Figure 370 show luminance as a function of
metering angle from the CARC-painted surface for similar angles of incidence (within a fe' v
degre-s). The circular plots correspond to goniophotometric records of a L-rnbertian
surface. The li'ie extending outward from the oiigin past the Lar"bertian record indicates the
approxirnate angle of incidence for which the data applies. TFhe graphs of Figure 3&1,
Figure 365 .... Figure 370 dramatically show that hi gher luminance readings are acquired for
smaller met:ring angles; mrenenng closer to the -surface; rather than in the direction of mirror
reflection when metering is in the p!ane of incidence.

There was no control over the source of illumination, the sun. The sun continuously'
changed its azimuth and altitvude and time was required to move the meter so that it was
always close to ben. in the plane of incidenrce. Little time was available to also change the
20' meter slope. Therefore, many gaps ccur in the data. In particular, it would be helpful
to have goniophotomietric data for angles of incidence from 60' to 90' with corresponding
meter angles from 5' to 15' and angles of incidence from 0' to 60° with corresponding
metering ang'li: from 400 to 90'.
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GONIOPHOTCMETRIC IAkDUNGS PEIRPNIDICULAR

TO T•IE PLANEE OF ENCE2DENCE

PURPOSE

The purpos.e of this study was to acquire information on the light distributing properties of a
CARC- (Chernicel Agent R.sistant Coating) painted sample illuminated by sunlight; in
particular, to determine how luminance r-eadings are affected by chang-es in the surface
altitude of the viewing angle for readlings perpendicular to the nlane o, incidence.

PROCEDURE

1. A magnet was attached to a camera tripcl mount, which, in turn, was attached to a
goniometric stand (Figure 34,'7).

2. A CARC-painted steel plate was attached to the magnet (Figure 348).
3. An angle level (Figure 348) was used to set the slope of the CARC-painted sample.
4. A metal rod was attached to a magnet so that the rod was normal to the sample when the

magnet was placed on the sample (Figure 348).
5. Two metal rods were positioned vertically, 12 inches apart, in a block of wood

(Figure 348).
6. The rods were positioned so that the shadows cast by the two rods were coincident.
7. The CARC painted sample was rotated until the shadows cast by the two vertical rods

were coincident with the shadow cast by the rod normal to the sample's surface
(Figure 343).

8. A lorg, straight netal tube was placzd on the ground parallel to the two reds used to
establish the plane of incidence.

9. The wood block holding the two rods was repositioned perpendicul-ar to the metal tube
(perpendicular to the sun's rays).

10. 7he LS-100 Minolta Luminance Meter was positioned, with the aid of an angle level, on
a tripod at a 200 angle with the horizontal. Figure 34.9 shows all the equipment used to
collect data for this study.

11. The lurinanc-e meter was positioned so that :he two ':-'jcal rods appeared as one when
sighting turough the mre.ter's view finder.

12. The samrple was rotated by 50 increments, in the plane of incidence, for as many angles
as allowed by the altitUde of the sun and the 200 slope of the luminance meter. This
procedure was followed every 330 minutes from 03:00 to 12:30.

"The time to ;c.ir data for each 30 minute interval varied betweiz-n five minutes and 15
minutes. ,Th,-e dumron depended on the number of measurements available. Frequent
adjustments were made to the position of the vertical rods as the sun changed its position
relative to the sasmpic.

Skies wer,- clear during datm aC-xcuis.Uon.

Table 72 gives the sun's altitud• and azirmuth on 12 August, 1991 for the times data was
collectd. The data tables, Table 82, Table -3 aitd Table 84, were constructed by filtering
out data pertaihing to the -,rne CARC slope for each o. ihe time intervals data was acquired.
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Positve CA.C slope.s refer to tilts toward the sun. Negative CARC slopes refer to tiltsS away from the, sun CFigunie 350). The calculation of the ang.e, of incidence of tne sun's ays
on the CA.,C-p -;dind surface is shcwn in Figure 352, < i 910' - (Sun's Altitude +

-Li CARC Slope).

Table 82. Luminaznce Readings Ven .. Metrng Perpendicul3r to tlhe Incident Plane.
CARC Surface Slop•es: 0 = 0°, 5', 10°, 150,2 2,, and 25'.
Luminance. Mtr '51-, =-- 2'.

Li Date: °-12-91 Longitude: . 3, Latitude: 42.50

o = 0=50

Lumin~a-nce Luminance

EDST <i Cos i (cd/m 2 ) <i Cos i Ccd/ta2 )
08:30 70.3 0.337 1441 65.3 0.418 162371 09:00 64.8 0.426 1835 59.8 0.504 2022
09:30 59.3 0.511 2113 54.3 0.584 2338
10:00 53.8 0.590 2399 48.8 0.658 2626
10:30 48.5 0.662 2636 43.5 0.725 2793

L 11:00 43.5 0.726 2943 38.5 0.783 3111
11:30 38.7 0.780 3099 33.7 0.832 3240
12:00 34.5 0.824 3169 29.5 0.870 3271
12:30 31.0 0.357 3238 26.0 0.893 3441,

100° 0 = i50

Lurinance Luminance
EDST <L Cos i (cd/m 2 ) <i Cos i (cd/rn2 )
08:30 60.3 0.496 181.3 15.3 0.569 1958I 09:00 54.? 0.577 2186 49.8 0.646 2343
09:30 49.3 0.653 2511 44.3 0.715 2655
i0:00 43.8 0.721 2781 38.8 0.779 2983
10:30 38.5 0.782 2955 33.5 0.834 3061
11:00 33.5 0.834 3274 28.5 0.879 3386
11:30 28.7 0.877 331155 23.7

12:00 24.5 0,910 3412 19.5 0.943 3549
12:30 21.0 0.933 3583 16.0 0.961 3700

Lurmin.:nnce 
Luminance

EDST <i Cos i (,-d/MZ) <i Cos i (cd/m 2 )
08:30 50.3 (639 214-2 45.3 0.703 2298
09:00 44.8 0.710 2526 39.8 0.769 2672
09:30 39.3 0.774 2844 34. 3 0.826 3002
10:00 33.8 (0.831 3134 28.8 0.876 3288
10:30 28.5 0.879 3134 23.5 0.917 3107

, 11:00 23.5 0.917 3495 18.5 0.949 3562
11:30 18.7 0.947 3569 13.7 0.971 3536
12:00 14.5 0.968 3612 9.5 0.986 3618

" 12:30 11.0 0.981 3651 6.0 0.994 3703
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Table 83. Luwinance Readin.s Whrn Mtterig Perp•ndicular to die !ncident Plane.
CARC Surface Slopes: 0 = 300 35', 0', -5% -10', and -15'.
Luminxnce Meter Slcpe = 20°.

S=30° * •
Luminnance Luminance

EDSTA <i Cos i (cd/m) <i Cos i (cd/m)
08:30 40 .3 0.763 2614 35.3 0.816 h

9:00 81 2772 . 0,86 NA

09:30 29,3 0.872 3133 24.3 C.912 3205
10:00 23.8 0.915 3378 18.8 0.944 3505
10:30 18.5 0,948 3485 13.5 0.972 3554
11:00 13.5 0,973 3599 8.5 0.989 3732
11:30 8.7 0,988 3608 3.7 0.998 3699
12:00 4.5 0.997 3669 0.5 1.000 3694
12:30 1.3 1.000 3720 4.0 0.998 3758

=0 -50
Luminance Luminance

EDST <i Coc i i (cd/nM2 ) <i Cos i (cd/m2)

0M:30 70.3 0,337 NA 75.3 0.254 1281
09:00 64.8 0.425 1905 69.8 0.346 1677
09:30 59.3 0.511 2156 64.3 0.434 1847
1i0:00 53.8 0.590 2425 58.8 0.518 2205
10:30 48.3 0.662 2706 53.5 0.594 2532
11:00 43.5 0.726 3010 48 0.663 2843

11:30 38.7 0.780 3144 43.7 0.723 3001
12:00 34.5 0.824 3229 39.5 0.771 3127
12:30 31.0 0.857 3331 36.0 0.809 3231

¢~~ = .0 =-150
Luminance Luminance

EDST <i Cos i (cd/mz) <i COS I (Cd/m2)

08:30 80.3 0.169 1095 25.3 0.082 8 72

09:00 74.8 0.263 1525 79.8 0.178 1219

09:30 69.3 0.354 i705 74.3 0.271 1491

10:00 63.8 0.441 2041 6.3. 0.361 1811
10:30 58.5 0.522 2415 63.5 0.446 2074
11:00 53.5 0.595 2698 58.5 0. '3 2500
11:30 48.7 0.660 2860 53.7 0.592 2738
12:00 44.5 0.711 3021 49.5 0.649 2888
12:30 41.0 0.75ý, 3077 46.0 0.694 3027

Note: An explanation of f 0 is given in Figure 350.
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Table 84. Luminance Readings VWen Metering Perpendicuiar to the Incident Plane.
CARC Surface Sloo-s: k = -20°, -25°, 30% -350, -4°o, -45, -50 and -550.
Luminance Meter Slowx= 200.

L.4 -20* =-25"
L,-uinan-e Luminance

EDST <i Cos i (cd/m2 ) <i Cos i (cd/w 2 )
09:00 84 8 0.091 994 89.8 0.004 772
09:30 79.3 0.186 1237 84.3 0.100 982
10:00 73.8 0.279 1642 78.8 0.194 1375
10:30 68.5 0.366 2031 73,5 0.263 1799

ii 11:00 63 5 0.447 2274 68.5 0.367 2067
11:30 •.7 0.519 2640 63.7 0.443 2509
12:00 54.5 0.581 2685 59.5 0.507 2550
12730 51.0 0.529 2949 56.0 0.559 2632

-300 -350
Luminance Luminance

EDST Cos i (cd/mr) <i Cos i (cd/mr)
09:30 89.3 0.013 686
10:00 83.8 0.108 1104 88.8 0.020 F28

,a 10:30 78.5 0.199 IE26 83.5 0.113 1261
11:00 73.5 0.285 1364 78.5 0.200 1621
11:30 68.7 0.363 2369 73.7 0.280 2216
12:00 64.5 0.430 2399 69.5 0.350 2270
12:30 61.0 0.484 2476 66.0 0.406 2280

-= 40' = -45C°
Luminance Luminance

BOST <i Cos i (cc/n') <i Cos i (cd/r 2 )
10:30 88.5 0.026 982
11:00 33.5 0.114 1390 88.5 0.027 1022
11:30 73.7 0.195 1945 83.7 G. 109 178012:00 74.5 0.267 2041 79.5 0.182 1927
12 :30 71.0 0.325 2249 76.0 0.241 2094

, -50 = -55'
Luminance Luminance

EDST <i Cos i (cd/n 2 ) <i Cos i (cd/w 2 )
11:30 88.7 0.022 1451
12: 00 84.5 "196 1542 89.5 0.009 1284
12:30 81.0 G,156 1925 86.0 0.069 1588

A
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CALCULATION OF MITER ANGLE 0

As the CARC sample was rotated through angle 4,, the angle 0 (mete:? angle) betwczn ftUe
meter direction and the CARC surface varied. Figure 371 illustrates the geomet-y of the
situation. T'he derivation of the mnexr angle 0 follows:

4, is the angle tho. CARC sarnmie is rotated about the x-axis.
1-M is a unit vector representing a reflected ray of sun light toward the luminance met.r.

M = Cos 200 i + Sin 20 0 k

N is a vector normal to the CARC sample and zhrough the tbp of the unit vector M.
R is a position vector to point B.
The coordinates of the points A and C are A(Cos 20', 0, Sin 20*) and C(Cos 20', 0, 0).
Since AC = Sin 200 and CB = Sin 200 Sin 4,, the coordinates of point B are
B(Cos 200, Sin 200 Sin 4, Cos 4,, Sin 200 Sin2 0. Therefore,

R = Cos 20' i + Sin 20' Sin 6 Cos 4 + Sin 20' Sin2 4, k

Since R M M = MRI jM Cos 0 = Cos 2 200 + Sin2 200 S'n2 ,,

Cos 0L (Cos2 20' + Sin2 200 Sin2 ; )\½

Table 85.

0 20.0

5 19.9

10 19.7

20 18.8
i} 25 1 8 .1•

30 171.2

35 16.3

40 1-5.2

45 14.0 x
50 12 .7 Figure 371.

-1055 + 11.3 Geomety for Calculating Meter Angle 0
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M4SN'C R-AYS ONICARC--PAINTEID SURFACEi METEPJNG AT 20 DEGREES FROCI 1IOiIZONTAL
AND P . R ND 1DC ULAR TO SU TN'S ..Z..I.U..I..

, :2,500

I! Y
)•: 1,500

1,000ooo

i 500
: i- AINGLE OF e4CTDENCE

0 I 1 ! ...

S0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
• Cos i

Figure 372.
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SU' ýigON CACPXlED3L'??.AC7 SUN'S RAYS ON CARC PAINTED SIZPYACE

A"I ~ UA TO 6UNt?4 AflIW'V" AND) PX~(AkCXNL%" TO 0ULTIV AZZAVT$2

0.1~ ~ ~ ~ ~ ~~~~~~~~2~ [ -- . .Y020910 . . . *59 . .

CosI 'COSOf I .X. fd

-- CAa2C LX7. 23J -f- C.A.2 C OLC4II -34 .in CAJOC ILOfl - tS %q~ -+ CAIAC EUOM . 40 &

C QRc "m 15 A" -.0 WAC aUW' -lG4n CA.AC 9,0"E - 5 On -4 ct'c mo~n* - I

Figure 3713. Figure 374.

SUN'S 3LAYS 3N CARC ?.kNTZD iSTEYACE SUN'S RAYS ON CAITC PANT'llED S1JRTAC.E
ML17%CýN AT :2 0XC .- A.~ l SAC.OalýA.L ýQ2.rXý AT lar2. ,ý1* 3no~42OOiT

Aý"l ?01t--FfkA. TO It-I A;-al A,")F CI1A TO StW41 A7DJML'M

4,000

3, -. 3,000A ~A 2,= t-4

CAPC "% a A Of- o~sc oft -.1 46 AC sr -Uk CAACPOn - M

SCA.RC 92.0nl - -11,6q -1- ckpE Uzft .2 *1 -40- CARC U.O7( - U1 4%~' CA.AC 3LA3,n -Q4.45

Figure 375. Figure 376.
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1 SIIUrVLRY

Figure 372 is a plot of ?'I the lumninance
I ~~readings acquire~d as a functon of Cos i when -C~PAIý72D SURFACEZJ jmetering was perpendicular to theý plane of A~Mn T2 14XU5T O ?rt

incidtene. The gr-aphs of Figure 373, JMKYDiutT91NIA2A4U-

Figure 374,... Figure .377 consist of se.ts of '~

points from Figure 372 which COI~reý'ond to
3,S~07

the sa-me CARC surf-.ace slopeý . Each se-t of
points for each CARC surfacc slop- plots H
rearly as a strnaight lince. TMSi su, ' -"-tsý aF
Lamnbertian type- surface when r,,Etering
perpendicular to the pl-ane of incid-nce. .

As the CARC samnic was rotated, the ang~le
between the sample and the mreUering direction
changed (F.igure 371). As ,6 increase-d,4
0 decreased (Tab,.- 85). In geeaslightly L

larger luminance reading,,s were acquire-d for 1 .1 C 0.3 0.4 0.3 Q S 0,7 0.3 4-9

larger CARC surface- slopes (for k=0' to C06,

-550). This c-orresponids to smaller -_X( j --ýCkCaFY Ajmetering angles 0 (Table 85) Similar re'sults, C:CIO- b

but more dramaiic, were obtaine~d w~hen
metering in the plane of jncide-nce. Figure 377.
Luminancte readings arce higher thnwhat would
be predicted for a Larnbertian sur!.--ir wrent metering closer to the surface of' the CAROC
sample.

In the previous study, where mnetering- vias in the plane of incidence, a decrease in luininancte
was obrserve-d for dec-reasing- angles of incidence from 60' to G' for the sa~me metering

angle. This observation is the opposite of what would be expected4, sinc.. a decrease- -in the
angle ot incidence produces rno,% energy per area. This peculiar behavior was not observed
w -nhen mete.,n peip-endicular to the incident plane.

LA,
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LLUMNXNANCE FROM A CAPIRC PAINTED SAMPLE USING XENONT LI11GHT

PURPOSE

The purpose of this study was to acquire Information on the light-distributing, properties of a

(. CARC-(Chemical Agent Resistant Coating) painted sample illuminated by an artificial Xenon
light source; in particular, to determine how luminance readings are affected by changes in
the ang!e of incidence. Additionally, this study determines how luminance readings are
"affected by changes in the meter-sample angle.

PROCEDU, ES

1. A Xenon light source was mounted at one end of a wood board.

r2. A three inch diameter lens was clamped at the other end of the board so that light
leaving the lens was collimated.

3. The wood board was mounted on a t npod ad adjusted, with the aid of an angle level, to
produce a 43' slope (Figure 373 and Figure 379, - = 40').

4. A contact print of an 8" diameter protractor was made on an 8" X 10" sheet of
photographic paper.

5. The protractor print was positioned on a horizontal, granite, holographic table
(Figure 379).

6. Two vertical rods were placed on the protractor print; one at the 0' mark and the other
at the 130' mark.

7. The protractor print was rotated so that co!Iiinate-d iight from the Xenon source produced
coincident shadows of the two vertical rods. The protractor print was taped to the table
in this position.

8. One of the two vertical rods was positioned on the 40' mark and the other was
positioned on the 220' mark.

T A.a X 1N

II_ To Meter L
Fromý ýXe ,,.. . : ., •.-:-

p- 0° azimuth

. Figure 378 Figure 379
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9. The LS-!C0 luminnance meter, secured to a tripod, was positioned so that the two rods
apptpared as one rod while sighting through the meter's view finder.

10. A CARC-painted steel plate was positioned vertically on the protractor print along
various ;ines through the center of the protractor while luminance readings were
acquired.

T 'rable F6. Luminance Readings from a CARC-painted Sample using a Xenon Light Source.
Linear polarizer in front of source. Polarization axis horizontal. O.D. 0.50
Xenon light source slore = 400. Xenon Azimuth = 0'. c• = 400.i]

6 - 0 6 - 10" 6 - 20* 6 - 300

:1] i Cos i c d/m 2  c d/m 2  cd/mr2  cd/rn2

10 82.4 0.133 0.956 0.906 0.951 0.995
20 74.8 0.262 1.654 1.626 1.716 1.750
30 67.5 0.383 2.252 2.225 2.331 2.374
40 60.5 0.492 2.792 2.778 2.865 2.905
50 54.1 0.587 3.466 3.276 3.330 3.330

21 60 48.4 0.663 3.892 3.684 3.744 3.792
70 44.0 0.720 4.259 4.006 4.079 4.1.83
80 41.0 0.754 4.409 4.163 4.252 4.377

90 40.0 0.766 4.463 4.438 4.434 4.522

Table 87. Luminance Readings, from a CARC-painte-d Sample using a Xenon Light Souirce.
Unpolarized light. Xenon light source slope = 00. Xc Azimuth 00, 3 0

a - 40' -60
iJ C. os i cd/m 2  cd/rn2

10 830.0 0.174 4.110 4.023
20 /0.0 0.342 7.345 7.455
30 60.0 0.500 9.985 10.640
40 50.0 0.643 12.320 13.740
50 40.0 0.766 14.720 16.730
60 30.0 0.866 17.020 19.650
70 20.0 0.940 19.930 19.770
80 10.0 0.985 19.820 20.050

$1 90 0.0 1.000 19.650 20.430

LJ

j

LI
228

i5 I



DERIVATION OF ANGLE OF INCIDENCE

Let N represent a unit vector normal to the sample:

N =Sin 1' + Cos j

Let I represent a unit vector in the direction of art incident Xenon light ray:

I Cos 400 i + Sin 400 j.

N a I Cos i Cos 40' Sin ~,where angle i is thec angle ofA incidence.

Cos i = Cos 400 Sin ~I ~ ~DERIVATION OF MEE-RS A.PEAGE~

Let P. represent a unit position vector in the- plaine of the samnple =nd with the samne slope as
the meter, (Figure 380 an~d Figure 331):

R Cos 3 Cos 0 i + Cos 3 Sin 1P j + Sin 3 k

Let L represetaui positio vetri6h ieton of the lurminance readings:

L =Cos 3 Cos ce i + Cos Sin aj + Sin 3 k

R L Cos .= Cos2 35 -Os ý Co0s a. + Cos 6 Sir, 'ý' Sin a + Sin12 5

Cos$ -Co
2 3 COS (,Go - [&+ a,]) + ain

Co C"0 + Si

-~ -2?b

Figure 380 Figure 381
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Table 'S8. Angles ($) Betweezn Meter and Sample

j a - 40* a - 40" ,,; 4 a - 40 a - 60*

6 - 0' - O" 6 - 20o 6 - 30o 6- 0
pA

10 130 126.15 116.8 103.4 110
20 120 117.1 108.9 97.2 100
30 110 107.6 100.7 90.4 90
40 100 97.9 92.1 83.1 80

I. 50 90 88.3 83.3 75.5 70
60 80 78.5 74.3 67.7 60
70 70 68.8 65.2 59.6 50
80 60 59.0 56.0 51.3 410

C90 50 49.2 46.8 42.9 30

,IJ SUNLMARY

The importance of this study arises from the fact !hat sky condi'5ons do not influence, the
final results. Data was acouired in a darkrcom seting with a Xenon light source as the only
.ource of illumination. Light reflected from the apparatus and the room's walls were the
only other souice of c.. iaon. Also, the range of luminance readings acquired in this study
(1 cd/rn2 - 24 cdrm2), -,ing a Xenon light source, were considerably smaller than thospe
acquired in other studies ý400 cd/mr - 70CO cd/m-) using the sun as a source of light.

There were two parts to this study. In the first, measurements were made outside the plane
of incidence. In tihe second, measurements were made in the plane of incidence.

wrable 86 and the graph of Figure 3S3 summarize the results obtained when meteing\ was
outside the plane of incidence (sample in a vertical plane; Xe source siope = 40',j azimuth = 0°; meter slopes of 0', 100, 200 and 300 with azimuth = 40'). The graph of
Figure 383 shows a near-perft.t direct proportion between luminance and the cosine of the
angle of incidence for the CART-painted sample. This graph does not suggest anyI1 luminance dependance on the meter- sample angle f. Even though the range of 0 is from
40' to 1300 (Table 88), there is no observable deviation in the diiect proportion between the
luminance and Cos i. The sets of points for each of the four meter slopes, 0', 10', 200 and

J 300, are nearly all coincident.

230
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These results support the following conclusions when metering outside the plane of
incidence:

1. The light-diLt-ibuting properties of the CARC-painted sample produces luminance
readings which would b- obtained from a Lambertian type surface when metering is
outside the plane of incidence.

2. Light energy per unit area is directly proportional to the cosine of the angle of incidence
for a cllimated light beam incident on the CARC-painted sample, just as it would be ior
a perfect diffuse reflector (L-arnbertian surface).

In the second part of this study, luminance measurements were made in the plane of
incidence. Changes in thhe angle of incidence were made by rotating the sample in a
horizontal plane while keeping týe direction of the Xenon light source and the direction of
the luminance meter constant. Figure 382 shows the geometry used for these measurements.

Table 87 and the graph of Figure 384 ,
summarize theý results obtained when er
metering was in the plane of incidence
(sample in a vertical plane; Xenon source
slope = 0', azimuth = 00; LS-IQOSa l
meter slope = 00, azimuth = 40'
and 600). The two plots of Figure 334 Figure 332.
(meter azimuth = 400 and 60') are
straight lines except for measurements acquired near the mirror reflection angle (• = 600,
see Table -33). The CARC-painted sample has light-distributing properties similar to a
Lambertian surface when luminance measurements are away from the direction of mirror
reflection. However, it has light-distributing proper'des simil-a to a semi-gloss surface when
luminance measurements are near the direciion of mirror reflection. If the CARC-painted
sample was a perfect diffutser, the two plots of Figure 384 would be straight lines and the
plots would also be coincident.

/
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GGN'iO)PIOTOMIETRIC STUDY
CARC-PAINTED SA.MR1P LE

POLAPJZED Xe LIGHT SOJURCE

il •~.0[• I

3.5

Sd• 2.5 -

:7]:a 1.5 - .•yCAR" .sample In vertical plaie, !.
"4iHXe stoce = 40', a.muth = 0',

•"] • Pola-•zation axis horizontal.

1. - r:
SJ

"0.5
i Angl ofo~ T= ~ dli

0.0 --- L t I L_ _ _

0 0.1 0.2 0.3 0.4 0.5 0,6 0.7 0.8

Meter Slope = 0 deg --- Meter Slope = 10 deg

-- Meter S'lone = 20 deg NiMeW' Slop, = 30 dug

Figure 383.
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GONI 0 PHOTOYElTIER1C STUDY
C A7RC-PANITED SAMIPLE

UNPOLA1aJZED Xe LIGHT SOURrCE

24 L
22 -

18

, 141

12[

6l CARC sample in vertical plane.

4L Xe slop,2 = 00, azimuth = 0'.
I LS-I0C, meter slope - 0'.

21
i = Ar,1e ot bcideice

0 L- I -- I t I

0 0.1. 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

COS i

- Meter Azimuth = 40 M Meter Azimuth = 6G

Figure 384.
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POLAIRIZATION A-XIS OF REFLECTED W11HITE LIGIHT rFROM AQ CA-RC-
PAIN11TED SAM,'OPLE

PURPOSE

The purpose of this study was to acquire information on the polarization properties of a CARC-
(Chemical Agent Resistant Coering) painted sample illuminated By a collimated Xenon light
source; in particular, to determine how the degree of polarization and the polarization angle are
affected by changes in azimuthal viewing angle when the altitude of the viewing angle is
constant.

PROCEDURES

I . A Xenon ',ght source was mounted at one end of a wood board.
2. A three inch diameter lens was clamped at the other end of the board so that light leaving

the lens was collimated.
3. A linear polarizer attached to an adjustable ring, to change the polarization angle 0, was

positioned in front of the collimating lens.
4. The wood board was mounted on a tripod and adjusted, with the aid of an angle level, to

produce a 40' slope (Figure 385 and Figure 326, -y = 40').
5. A contact print of an eight incn diameter protractor was made on an 8" X 10" sheet of

photographic paper.
6. The protractor print was positioned on a horizontal, granite, holographic table (Figure 379).
7. Two vertical rods were placed on the protractor print; one at the 0' mark and the other at

n the 180' mark.
:J 8. The protractor print was rotated so that collimated light from the Xenon source produced

coincident shadows of th-e two vertical rods. The protractor print was taped to the table in
this position.

x

From X9] Sour a>,To Camara

Samrpla -ý

00 Azimuth r . ,

Figure 385 Figure 386
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J9. A 3/4" X 2" X 3' wooden bo~ard was placed across the protractor print at 20' intcrvals and

pteces of tape were po:sitioned OTI the Labe.at opposite erds of the board. ~m aea

Ak 4" X I" mirror was taped to thte top of the tube as shown in Figure 3S8 anid Fgr3.9
11. Theý azimlUth ugec. (Figure '385) of the camera's line of

sight was obtaine though the use o;f. th -iror
(Fiure, 333 arid Figure 389). The- block ofl wood was
p~ositioned ai the desifcd azimiuth. The. caner-a was
thet, positioried so thI-at the image of the dg of the /
wood and the wood edge, were coincideni, as sh'own inll
Figure 3S9.

12. Th. azim,.uth arigle ce wvas varied from 1180' to 20',
13. The tiansrnission axis of the lIInez:-r Tociarizer: was

horizontal when t9 = T" (Figure 387). The linear
oolaxizer wa-s rota~fed clckwis-e, wheni lookiýng towaird
the Xenon light source, in 10' incrnements fromn 0' to 990]for each azimuith angle c:. Figure 387.

Figur 388Figue 38

Figre 90,Figre 91...Fgr39shwtersitoftistd.S.ApnixBora

ineprItio of. th wea shpe Jat
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CARC-Pairted Sample Viewed Throagh a Polarization Axis Finder Using Xenon Light Source.
J Xe Slope = 40°, Camera Slope 40' anid CARC-Painted Sample in a Horizontal Plane.

S= 180"

O~0 0' 0 0 0 n

1:1

0 50' 0 = 60' 0=70' 0 =80° 0 =90°

•I a' = 1600

i .:

0 "0 = 10° 0=20° 6 =300 9 =400

:•, 0•3=6°0 = 70° 0 = 8O 0 = 0°

Figure 390.
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CARC-Painted Samiplce Viewed,' Through a Polarization Axis Finder Using, Xenon Light Sourco.]Xe Slope =400, Camera Sloce =400 and CARC-Fainted Sample in a Horizontal Plane.

j a 1400

I120

0=00 0=100 0 20' 0=30' ~ 40'

0 5z0 ~ 0=1k0 0 70' 0 80' 0=400

I~ Fiure 391.

237



CARC-Painted Sample Viewed Through a Polarization Axis Finder Using Xenon Light Source.
Xe Slope 400, Camera Slope 40" and CARC-Painted Sample in a Horizortal Plane.

cia= 100°

0 C= 10 0 =20 0 =30 0 =40'

0 =50 = 60 0 =70 0 =80 0 =90°

80= 8 0

0 =0 0 =10' 0 =20'0 ' 0 =40'

,.... ~
V i i9 . -2

, I III II I I III

0~ =50' 0 60, 0 70' 0 80' 0 900

DFigure 392.
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CARC-Painted Sample Viewed Through a Polarization Axis Finder Using Xenon Light Source.
Xe Slop,- 400, Camera Slope =400 and CARC-Painted Sample in a Horizontal Plane.

a 600

Y

0=00 0 100 0 20' 0 30' 0=40'

I t
0=50' 0 600 0 70' 0 800o 0 900

Fiur 393
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CARC-Painted Sample Viewed Through a Polar'zation Axis Finder Using Xenon Light Source.j Xe Slope 400, Camera Slope = 40' and CARC-Painted Sarnmle in a Horizontal Plane.

"J. 200

0 0• 0= 10° 0=20' 0 300 0 40'

0 =50' 0 =60' 0 70 0 80 0 =90°

I .Figure 394.

S12
Table 89. Orientation of Polarization Axis for Reflected Xe Light fron

CARC-Painted Surface. Degree of Polarization is near zero
for ca = 1400 and 0 =40".

0 10 20 390 40 0 607 80 90

S•'• ," _ \ \,\-- \-I\
160 \ \____

140
120 - - 7 /

* 1 240

Lid



j• Xe light from CA-C painted surface. Angles are positive

when orientations are clolrkise from horizontal and
negaive for orientations counterclockwise from horizontal.

2 1 20 :y 40 j -60 70 _eo _- 7 -8 -9 - -9......
eA 0,q 70 81 S2 £

F .40 -30 SO J6a j G CO 40

,20 -44 51"1-68 87 70 u 55 ' 52 35120_0
..10 -781 ( 78 53 4's a,31i 23 6 -6 -20

so0176 8514 a5 2316'2 *5 ý17 -n6

-0 1" 7 7 I 0 -42
40 17 2012 7 0 -It s -- _. _ _ -_-,_

20 2,. 13 4 -ii2134_[ -2 4 5 53j1-72
I FRESNEL MODEL

ý71 Fresnel's laws of reflection, derived from the elascic solid theory, are as follows:

-s Sin(, - 0/) Rp Tan(¢ - ¢") (1)
E-s Sin p¢ + p/ Tan(p + o')

.,,/ __ _ _/ _ _ _

5s _ 2Sin0' cosC p 2Sin¢I Cosc (2)
E s in (0 + 01)/ Sin (p + o/) Cos (P -cpI)

E, R and E' refer to the amplitudes of the electric vectors in the incident, reflected and

j refracted light respectively.

The subscripts s and p denote two planes of vibration; p vibrations are parallel to the plane2 of incidence and s vibrations are perpendicular to the plane of incidence.

The argles 4 and 0' are the angles of incidence and refraction respectively.
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The ratio of the two equations of (1) produce an eqn~inwihpeit h aueo h
reflected light when plane pollarized light is ircident cn the surface of a dielectric at any

tiangle. Equation (3) belowv givels the vaiiation of the plane- of vibration of the reflected light
with the angle of hicide-nce;.

R F-

Teratio -E~ is thc agn of tlhfe ang le 'ithe angle betweeýn R and R, (Figure 11).

Th11e ratio 4ýE is t~he. tangent of the2 ang~le 9, the angle!- between E and E, (Figure 11).

Alt'hough this study *is only concerned with relfleccted light, it is necessary to assumne an index
of refraction n for th- CARC--'ainted sample in, order to determine the angle of refraction k

in equation (3). The,' an-le ofrefractiion Ls determnined from Snell's Law: 4PSin =n Sin ''
Since no inde-x nf refiaction was avaidlable, irdicts between 1. 1 and 1.7 wiere tried. The best
match b-etwein the-ory -and e-xpzrimeintal results was obtained, using an indcx of 1.2.

In ge.neral, equ-inion (3) is only valid for reflec-ted polarin light in the plane of incl eidece.
The plzn:,-e of incidenc~e is norma~lly taketn to be the plane containing the incident and r-eflected
rays of light an~d the normal to the ijt~ The only datA collected for this condition

(azimuth argle c 18O0' Figur-e 385) is shown in Figure 399. The graph of Figure 399
s how1s very goodl agreem,-ent b-etweecn oxperimcmntal data and pradict-ed results using equation

(3) with n 1. 2.

z -~ z
x 1

/o 40'0'i
404

Y

Figure 395. Figure 396.
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The CARC-paintcd surfaee- is not a mirror reflector but reflects light out of the plane of
incidence. As a first step at explaining the nature of the reflected light, out of the pla-ne- of

incidence, the fol-lowing ideas were- inc-orpornated into eqution (3):

1. The plane passing through the Lincident ray and the reflected r-ay was taken to be the new,.
planie of incidence.

2. The anale of incidence was assumed to be one halOf the angle between the incident ray
and the reflected iray.

3. Ep was replaced with iis projection onto a unit vector (vector D, Figure- 392)
V, plerpendicular to I and in the new incident planc. ES was replaced with its projectionl

'1onto a unit vector (ve~ctor -C, Figui-e 393) perri-ndicular to the incid..rit ray I and also to
t-he new incident plane.

4. The angle between R and RS i) obtainced fromn equation (3), was decreased
(clock-wise rotation) by the angle c, the angle between the plan-- containing, I and r and
the plane containing r and the nor-mal to the CIARC-pahited1- surface NN. Vertical lines in

A ~the photographs were in the plan~e containing :- and N.

Let I equal a unit vector opposite in direction to an incident ray of light (F-igure 2965).

I =Cos 40 1 + Sin 40 k

Let r equal a unit vector in the direction of the reFlected ray of light (Figure 39~6).

r= Cos 40Cos 1 + Cos 40Sin j+ Sin 40 k

!n~dant Z
Pay\

ES

Figure 397. Figur-e 398.
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From Figure 397: E, = Cos j and EP =-Sin40Sin0i + Cos 40 Sin0k

-XI Sin40 Sinf I + Sin40 (1 + Cosp) j - Cos40 Sinp 1E

VSin 2j3 + Sin2 40 (1. + Coso3)2

Unit vector D = x i + y j + z k satisfies the following conditions:

1. X2 +y2 z2 = 1 2. DoI=0 3. D*C =0

-Sin 2 40 (1 + CosZ) i + Sin3B j + Sin4O Cos40 (I. + CosP) k:

VS--1nrF + S,-. o40 (I + Cos 2)2

is the projtion of E onto -C. EP' is the projection of E onto D

ES, Z(.<-o = Sin 40 CosO (1 + Cos•l) - Sinp Sin8

.rT5H2 P + Sin ' 40 (1 +÷ ccsWF

E -' =, Sin40 SinJ (I + Cos ) + Sinp CosO

V-Y•-i;P + sin ol (1 + cos,)

The angle E between the plane containing r and I and the plane containing r and N k'= k)
is found by determining the angle betwe;en their normals.

The unit vector N', normal to the plane containing r and N, is

-NxT - -Sine i - Cos3 J

Since C is a unit vector normal to the plane containing I and r,

-'M* = Sin4O (1 + CosB) = Cost

-SinE' + Sin240 (1 + Cos¢77
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able 91. Calculatios. C+/C- Cos (0k + 0')/Cos (0 - 0). = -Tabl 91.Exp. = Experimental values for t. Diff. = b - Exp.

F 1c =80 =50. A0 n = 1.2
= 0 __. = 39.67 JC+IC- = -0.01 E = 0.00

0 Es' Ep' Ep'IEs' 0' Rp/Rs A~ i Exp. Diff

0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 3.00 3.00

10.00 0.98 o 017 0.18 10.00 0.oo -0.06 -0.06 3.00 3. G6
20.00 0.94 0.34 0.36 20.00 0.CGO -0.12 -0.12 3.00 3.12

030.00 0.87 0.50 0.58 30.00 0.00j09 3.0 .1[ 30 '7 O 0... 0. 00 -0"• 0 -I-0.I19 -0. 19 3.00• 3.1 •9

40.00 0.77 0.64 0.84 40.00 0.00 -0.28 -0.28 3.00 3.28

U 50.00 0.64 0.77 1.19 50.00 -0.01 -0.40 -0.40 3. 00 3.40

60.00 0.50 0.87 1.73 60.00 -0.01 -0.58 -0.58 3.00 3.58

70.00 0.34 0.94 2.75 70.00 -0.02 -0.92 -0.92 3.00 3.92

80.00 0.17 0.98 5.67 80.00 -0.03 -1.90 -1.90 -87.00 85.10

-190.0010.00 1.00 _ _ 90.00 co -9.0_-90.00 -87.00 3.00

cx iu .i~Jf . ....S=180 0, 50.00 n = 1.70

0 ' =6.78 C+/C- = -0.25 0 = 0.

;J a Es' Ep' Ep'/Es' 0' fRpRs _ Exp. D ff.

I0.0o 1.00 0.00 0.00 0.00 0.00 0.00 0.00 3.00 3.00

10.00 098 0.17 0.18 10.00 -0.04 -2.51 -2.51 3.00 5.51

20.00 0.9,4 0.34 0.36 20.0,0 -0.09 -5.17 -5.17 3.00 8.17

30:.00 0.87 0.50 0.53 30.00 -0.14 -8.17 -1176.0.17
40.00 0.77 0.64 0.84 40.0 -0.21 -11.79 3.09 3.0 14.79

50.00 0.64 0.77 1.19 50.00 -0.30 -16.51 -16.51 3.00 19.51

60.00 0.50 0.87 1.73 60.00 -0.43--23.31 -z3.31 3.00 26.31

70.0 O 0.34 0.94 2.75 70.00 -.. 6 S -34.35 -34.35 3.00 37.35

80.0J 0.17 0.98 5.67 80.00 -1.41 -54.67 -87.00 32.33

90.00 000 0 . 1.0O -. oc -90.00 -907.W 3.W
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a 1;0 I •=48.97 n =1.213=20 38.95 C+C-= -0.04 £ = 15.34

a Es Ep' Ep'/Es' o' Rp/Rs E, Exp. Diff.

0.00 0.96 0.26 [ 0.27 15.34. _-0.01 -0.58 -15.92 -7.00 8.92
10. 010 0.___ , 0. 43 _ . 25.34 -0 2 -1.00 , -16.34 -F.00 8.34

20.0-0 0.82 0.58 o .7 1 35.341 -0.03 j-.,,9 -16,83 -9. 7.83
30.0010 0.70 0.71 1.01 45.34 4' -2.13 -17.47 -8.00 9.47

4000--___ ___ - 04 __-2.1 74 -8j.00 9.47_
00 0.57 0.32 1.45 f 55.34 -0.05 -3.04 -18.38 -.__9. 9.38

5'0.00 0.42 0.91 2. i8 65.34 -0.08 -4.53 -19.92 -7.00 12.92

60.00 0.25 0.97 3.82 _75.34 -0.14 -8.00 -23.34 80.00 76. 66

70.00 0.08 1.00 12.27 85.34 -0.45 -24.27 1-39.61 79.00 f 61.39

30.00- -0.09 1. 0 -10.70/ -84.66, 0.39 21.47 6.13 81.00 74.87

90.0 [-0.26 0.96 -3.65 74.66 0.13 7.63 -7.1 82.00 89.971

a = 160 [5=48.97 n = 1.7
S=20 6' 26.34 C+/C- =-0.27 = 15.34

a s Ep' jEp/ Es' Rp/Rs E-xp. Diff.
0.C0 0.96 .0.26 0.27 15.34 1-0.08 -4.31 -19.65 -7.0W 12.65

10.00 0.90 0.43 0.47 25.34 -0.13 -7.4t1 -22.75 -8.0G 14.75

20.00O 0.82 0.58 0.71 _ 35.34 -0.19 -11.02 -26.36 -9.00 17.36

30.00 0.70 0.71! 1.01 45.34 -0.28 -15.53 -30.87 -8.00 22.87
40.00 0.57 0.82 1.45 _55.34 -0.40 -21.66 -37.00 -9.00 23.00

50.00 0.42 0.91 2.18 65.34 -0. 60 -30.83 -46.22 -7.00 39.22

60.00 0.25 [0.97 3.82 75.34 -1.05 -46. 39 -61.73 80.00 38.27

70.00 0.08 IJ1.00 12.27 85.34 -3.37 -73.47 -88.81 79.00 12.19

80.00 {--.09[ 1.0 0 -10.70 -84.66 2.94 71.20 55.86 81.00 25.14

90.00 -0.26 0.96 -3.65 -74.66 1.00 45.03 29.69 82.00 52.31
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m L=140 4 46.04 1n- 1.2
" f = 6. 86 C+/C- -0.13 29.52

0 Ep' Ip'/Es' d' Rp/Rs Exp. Diff.

S3 0.00 0.87 0.49 ' 0.57 2.9.52-2 -0.0- -4.105 -33.57 -30.00 3.57

10. OO 0.77 0.64 0.82 39.52 -0.10 -5.89 -35.41 -30,00 -- 1

20. GO 0.65 0.76 __ - 3.X_____20._ ____ L.76 l.1 4,9.52 -0.15 -8.34 -37.86 -30.00) 7.86I

30.9.) 0.51 0.86 1.70 59.52 -0.21 T-12.0l 1 -41.53 -30.00 11.53

40.,00 0.35 0.94 2.68 69.52 -0.34 -18.53 -48.05 60.00 71.95
50.00 0.13 0.9 5.41 79.52 -34.0 -63.70 60.00 • o5.,

Go 0.01 1.00 119.40 39.32 -14.94 -86.17 64.31 60,00 4.31

70,00 -0.17 0.99 -5.96 -80.48 0.75 36.73 7.21 560.00 52.79

"f 80.00 -40.33 0.94 -2.82 -70.48 0.35 19.45 -10.07 60.00 70.07

00 "*.49--1 0.87 -1.77 -60.48 0.22 -_ .46 -17.06

}:•'{ ~0 o 140 45 =,6.0, or' I .'
_40 .0- C+/C- = -0.35 e 29.52

_ '"_s' Ep' IE -Es' 6' Rp/Ps Exp.

J 0.00 0.8 049 0.57 29.52 -0.20 -11.12 -40.64 -30.00 10.64

1.00 0.77 0.64 0.82 39.52 -0.29 -15.98 -45.50 -30.00 15.50

2o0.00 o0.65 -0.76 1.17 49.52 -0.41 -22.13 -51.65 -30.00 1.65

II 30.TO 0.51 i 0.86 1.70 59.52 -0.59 -30.53 -60.05 -30.00 30.05
Ij 40.CK 0.35 0.94 2.68 69.52 -0.93 -42.90 -72.42 60.00 47.58

1 50.00 0.18 0.98 5.41 79.52 -1.88 -61.94 88.54 60.00 28.54

"J N.0 O.01 1.00 119.40 89.52 -41.44 -88.62 61.86 60.00 1.86

[_70.00 -0.17 0.99 -5.96 -80.48 2.07 64.21 1 "34.69 60.00 25.31

80.00 3.33 0.9 4  -2.82 -70.48 0.98 44.39 { 14.87 60.00 45.13
9000 -1.77 60.48 0.61 31.50 1.98 40.00 38.02
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120 <=41.56 n =1.2
l= 60 ¢' = 33.56 C+IC-= -0.26 e = 41.93

o Es' Ep' Ep'/Es' 0' Rp/Rs Exp. Diff.

0. 0 0.74 0.67 0.90 41.93 -0.23 .. 3.11 -55.0 -44.00O 11.04

10.00 0.62 0.79 1.28 51.93 -0.33 -18.32 -60.25 -51.00 9.25

20.00 0.417 0.88 1.8< 61.93 -0.49 -25.93 -67.86 -63.00 0.14

30.00 0.31 0.95 3.0 5 71.93 -0.79 -38.47 -80.40 87.00 12.60

40.00 0.14 0.99 7.05 81.93 -1.83 -61.33 76.74 70.00 C 6.74

50.00 -0.03 1.00 -29.67 -88.07 7.69 82.5'9 40.66 5 5.00 14.34

60.00 -0.21 0.93 .4.73 -73.07 1.23 50.82 8.89 52.0,0 43.11

70 .00  -0.37 0.93 -2.43 -68.07 0.64 32.78 -9.15 35.00 44.15

80.00 -0.53 0.85 -- 1.60 -58.07 0.42 22.59 -19.34 20. 0 39.34

90.00 1 -0.67 0 .741 -. 11 -48.07 0.29 16.10 -2 5 .83 20.00 25.83

= 120 45=41.50 n/= 1.7
= 60 0= 22.97 C+/C- =-0.45 41.93

0 Es' Ep' Ep'/Es' W0' JRp/Rs g' " Exp. Diff.

0.00 [ 0.741 07 0. 0 41.93 -0.41 -22.17 -64.10 -44.00 20.10

10.00 0.62j 0.719 1.28 51.93' -0.53 -30.03 -72.01 -51.00 G 21.01

20.00 0.47 0.88 1.83 61.93 -0.85 -40.39 -82.32 -63.00 14.32

30.00 0.31 0.95 3.06 71.93 -1.39 -54.28 83.79 87.00 3.21

40.00 0.14 0.99 71.05 81.93 -3.20 -72.65 65.42 70.00 4.58

50.00 -0.03 1.00 -29.67 -83.07 13.46 85.75 43.82 55.00 11.18

60.00 -0.21 0.93 -4.73 -73.07 2.15 65.03 23.10 52.00 23.90

70.00 -0.37 0.93 -2.4U -68. 0 7  1.13 f_48.41 6.48 35.00 23.52

80.00 -0.53 0.35 -1.60 -58.07 0.73 3,6 .0,65 -5.87 20.00 25.87 i

90.CGO -0.67 0.74 -1.11 -4_.07 0.51 26.80t-15.13 0.00 15.13
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a 100 4>=35.93 n =1.2
S= 80 = 29.28 C+/C- = -0.42 e = 52.55

0 ES• -p' Ep'/' Rp/Rs Exp. Diff.

oJ 0.00 0.61 0.79 1.31 52.5s -0.55 -28.86 -81.41 -78.00 3.41

10.00 0.46 0.89 1.92 62.55 -0.81 -39.10 88.36 90.0 CO 1.6

20.00 0.30 0.95 3.18 72.55 -1.34 -53.32 74.13 73.00 1.13

,30.00 0.13 0.99 7.64 82.55 -3.23 -72.78 54.67 56.00 1.33

40.00 -0.04 1.01) -22.49 -87.45 9.a9 83.99 31.44 46.00 i4.56

50.00 -0.22 0.98 -4.49 -77.45 1.30 62.20 9.66 34.00 24.34
600 0.38 .41 -67.45 1.02 45.48 -7..

-70.00 -. 54 0.84 -1.57 -57.45 0.66 33.48 -19. 06 6.00 25.06
'80.00 -0.68 0.74 -1.09 -47.15 0.46 24.70 -27.85 -6,00 21.85

If~ ~ ~ ~ ~ ~ ~-46 I-20.W4 14______ ___________

F90.00 -0.79 0.61. ... .... 0.32 17.92 63

= 100 T ck =35.93 n = 1.7so 0 5 20.19 C +iC- =-0.58 e 521.55

.. Es'IE'1E/s' q RpIRs f €' Exp. Diff.
0.61 DO0.79 5 -0.76 -37.09 -89.63 -78.00 11.63

1 10. 0, o. 0.46 0.89 1.92 62.55 -!. i 1 -43.10 79.35 90.00 10.65

20.10 0.30 0.95 3.13 72.55 -1.84 -61.50 65.95 73.00 7.05
30.00 0.13 0.99 7.64 82.55 -4.43 -77.27 50.18 56.00 5.82

40.00 -0.0.4 1.00 -22.49 -87.45 13.02 85.61 33.06 46.W, 12.9475.00 -0.22 0.98 -4.49 -77.45 2.60 68.98 16.43 34.00 17.57

60. G.00 5 8 0.92 -2.41 -67.45 1.39 1 54.36 !.82 23.00 21.18

70.00 -0.54 0.4 -1.57 .45 0.91 42.22 -10.33 6.00 16.33

[80.60 -. 68 0.714 -1.09 -47.45 0.63 32.25 -20.30 -6.CO. 14.30

9 0. 79 0,6 - -37.45 0.44 23_.92 -28.62-20.00 8.62
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= 80 =29,50 n = 1.2
= 100 = 24.23 C+/C- = -0.59 E = 61.66

Es' Ep' Ep'/Es' I'_ Rp/Rs J Exp. Diff.

0.00 j 0.47 0.88 1.85 61.66 -1.10 -47.77 70.57 76.00 5,43
10.00 0.31 0.95 3.02 I71.66 I 1.79 -60.84 57.50 65. G 7.5021. o..5 V 0.99 6.82 8 1.C6 -4.05 -76.14 42.20 47. 4.20

30.00 -0.03 __1,00 1-34.52 -83.34- 20.51 37.21 2!.55 35.00 45

40. Co o.% o 7  - 7 7o.• 9.19 85C.3 18. 81

5 -0.37 0.93 -2.52 58.34 1.50 [ 56.24 4.42 16.00 21.42

60.0C0 0.521 0.85 -1.62 -58.34 0.96 43.9 [-7.72 2.W0 19.72

70. G 00 6 0.75 -1.12 -48341 67~ 33.74 -27.92 00J. 22.92I0 , 0____ - f• -10 t . 79.•00 19.49
80.00 -0.78 0.62 -079 -3.34 0.47 25.17 1-349 1

90.00 .0.88 0.47 -0.54_ -2.34 0.32 -17.77 -43.89-36.0 7.89

a =80 J 29-50 n = 1.7 [
I= 10 = 16,84 C+/C- = -0.71 e =61.66

0 Ts' f Ep'lEp ' 0' -eRp/Rs / E-m. FDiff.
0.00 T 0.47 0.88 f 185 61.66 -1.31 -52.69 65.66 76.00 10.34

10.00 1 0.31 0.95 302 71i.66 it -2.13 -64.90 53. 41 5.00 11.620.00 01 .9I o• 8
20.W 0 15 0.99[6.82 81.66 -4.83 78.29 4,0.0. 47.(0 6 .95

30.00 -0.03 i1.00 34.52 "83.34 24.43 87. 6 26,W0 35.00 900

40.C -0.20 0.98 -4.35 1 '8.34 73.74 12.08 23.00 15.92

50.00 -0.37 0.93 -2.52 -68.34 1.73 60.70 I -0.96 16.00 16.96

60.00 -0.52 0.15 -1.62 -58.34 1.15 48.93 -i2.73 2.00 14,73

70.00 -0.66 0. 7 5  12 -. 34 0.80 38.50 -23.16 -5.00 18.1

80.00 -0.78 0.62 -).79 -33.34 0.56 7. T-32.42 -17.G 15.42
-0.88 0.47 -0.54 -28.34 0.38 20.89 -40.77 -6 4,7"
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ti Di

60 ~22.52 n 1.2 I
120 =18.61 C+C- =-0.75 69.64

Es' Ep' Ep'/Es' 0' Rp/Rs Exp. Diff., I ! ..... .. _ _ _ _ _ _ I ........

I0.00 0.35 0.94 2.69 69.64 -2.03 -63.82 46.54 57.00 10.4ý

1[ 10.00 0,18 0,98 5.47 79.64 -4.13 -76.39 f 33.97] 45.00 110.0

20.090 0.01 1.00 1 5,8.3.0 89.64 -119.96 -89.52 20.84 35.00 14.i1

30.W -0.17 0.99-5.89 -80.36 4.44 77.32 7.68 17.00 9.32
40.00 G--.34 0.94 -2.80 -70.36 2.12 64.70 -4.94 7.00 11.9-4

-0.49 0.87 -1.76 -60.36 1.33 52.99 -16.65 0.00 16.6i

60.0,0 -0.64 0.77 -1.21 -50.36 0.91 42.34 -27.30 -9.00 18.3R

70.00 -0.76 0.65 -0.85 -40.36 0.64 32.68 -36.96 -20.GO 16.9S

] 80.00 -0.86 0.51 -0.59 -30.36 0.44 23.86 -45.78 -30.00 15.7ý

11 o. -0.94 0.35 -0.37 -20.36 0.28 15.65 -53.99 -42.00 11.9s

1=60 =22.52 n =1.7

=120 4' = 13.02 C+/C- = -0.83 e = 69.64

T 0 Es' Ep7 Ep'/Es' Rp/Rs Exp. Di7f.

S0.00 10.35 0.94 2.69 69.64 -2.22 -65.78 44.58 57.00 12.4:

S10.00I 0.18 0.98 5.47 79.64 -4.51 -77.51 32.86 45.00 12. 1

20.00 0.01 1.0L 158.90 89.64 -131.09, -89.56 20.80 35.00 14.2(

30.00 -0.17 0.99 - 7089 80.36 4.86 78.37 8.73 17.00 3.27

S 40.00 -0.34 0.94 -2.80 70.36 2.31 -3.03 7.00 10.0'

50.00 -0.49 0.87 -1.76 -60.36 1.45 55.41 -14.23 0.00 14.2:
r, 60.00 -0.64 0.77 -1.21 -50.36 1.00 44.88 -24.76 -9.00 15.7R

70.00 -0.76 0.65 -0.85 -40.36 0.70 35.04 -34.60 -20.00 14.6(

80.00 -0.86 0.51 -0.59 -30.36 0.48 25.79 -43.85 -30.00 13,8j

S90.00 -0.94 0.35 -0.37 -20.36 0.31 17.02 -52.62 -42.00 10. 6
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, .1

cr = 40 I " 15.19 ' n -l.2 I
S=140 = 12.61 C+/C- = -0.89 e = 76.83

-- Es' Ep' Ep'iEs' Exp. Dif.

! 0.00 0.23 0.971 4.27 76.83 -3.78 -75.20 27.97 37.00 9.03
!0.30 C.¢6 1.0CI 1.8.07 1 68 -1.0 -86.42 -74 2 .G 1.

,.T-0 1483.00 12.5,6

20,00 -0.12 0.99 -8.35 -83.17 7.39 82.29 5.46 13.0 12.54

30.[ -0.29 0.96 -3.3 -7317 2.93 71.14 -5.70[7.0 12.7C

40.00 -0.45 0.89 -1.98 -63.17 1.75 i 60.25 -10.57 . 16.51

50.00 I-0.601 .8 .34 -53.17 i .18 49.77 -27.06 -9.00 110.01
60.00 -0.73 0.68 -0.94 -I o 9 37.2 [-z.CO 15.12

7.0 -0. 84 -0035 f - 33.17 0. _________70. 0.58 130.06 -.46.77 -34.00 12.77I 10. 2 3'ii., +' -5. 01

80.00 -0.92 0.33-.4 20.75 -5S6 .08 -45.C 00 11.02
90.00 -0.97C.2 -31 0.21 111.70 -65.13 ~ 10.13

A20 1s~ 5Al91 n = 1.7 R s ' LX~_f
EpE' , Es O RD/!,s ,F xp. Diff,

0.0G 0.23 0.97 4.27 76.O3 -3.93 --75.71 27.45 37.00 9.55
10.00 0.06 1.00 18.07 86.83 -16.60 -86.55 16.62 29.00 12.33

S20.00 -0.12 0.99 -8.35 -83.17 7.67 32 57 5.74 13.00 12.26

f30.00 -0. 29 0.96 -3.3 1. -73. 3.04 71.77 -5.06 7.00 12.06

* 40.00 -0.45 0.89 -1.93 -63.17 1.82 61.16 -15.67 0.0 15.67

50.00 -0.6- 0.80 4.34 -53.17 1.23 50.81 -26.02 -9.00 17.02

60.00 "-0.73 0.68 -0.94 -43.17 j_0.86_ 40.75 -36.08 -22.00 14.08

70.00 -0.84 1 0.55 -0.6 -33.17 0.60 30.98 -45.85 -34.00 11.85

80.0U -0. 2 0.39 -0,43 -23.17 0.39 21.46 -55.37 -45.00 10.37

90.00 -0.97 0.23 -0.23 -13.17 0.21 12.13 -64.70 -55.00 9.70
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fcr=20 ,=7.64 n 1.2
= 160 = 6.36 C+/C- = -0.97 e 83.53
0 Es' Ep' Ep'/Es' 0' Rp/Rs •' Exp. Diff.

50.00 0.11 0.99 8.82 83.53 -8.56 -83.34 137.3 24.00 10.87
,'10.00 -,3.06 1.00? -16.19 -86.47 !5.72 86.36 2.83 13.00 10.17

20.00 -0.23 0.97 -4.15 -76.47 4.03 76.07 -7.88-3.00 11.46

30.00 -0.40 0.92 -2.30 -66.47 2.23 65.83 -17.70 -5.00 12.70
... 40.0DO -0.55 0.83 -1.51 -56. 47 1.46 55.67 -27.86 -13.00 14.86

0. -0.69 0.72 45.61 -37.92 -2400 13.92
6•,0.00 -0.80 0.59 -0.74 -36.47 0.72 35.65 -47.88 -36.00 11.88

""} [:170.00 -0.90 0.45 -0.50 -26.47 0.48 25.79 ..57.75 -45.00 ... 12.75

SI80.(A -0.96 0.28 -0.30 -16.47 0.29 16.01 -67.53 -58.00 9.53

w -0.99 0. 11 -0.11 -6.47 0.11 6.28 -77.26 -67.00 10.26

C• no0 7.64 n =1.7i 60 4.49 C+/C- -0.9 83.53

¢T

f0 Es' Ep' Ep'/Es' 0 RpiRs Exp. Diff.

J 10.00 f 0.11 0.99 8.82 83.53 -8.64 -83.40 13.07 24.00 10.93

0i0.00 -0.06 1.00 -16.19 -86.47 15.86 86.39 2.86 13.00 10.14

20.00 -0.23 0.97 -4.15 -76.47 4.C7 76.19 -7.34 4.00 11.34

30.00 -0.40 0.92 -2.30 -66.47 2.25 66.02 -17.51 -5.00 12.51

0.00 0,55 0.83 -1.51 -56.47 1.48 55.91 -27.63 -13.00 14.63

5000 -0.69 0.72 -1.05 -46.47 1.03 45.86 -37.67 -24.00 13.6

I 60.00 -0.80 0.59 -0.74 -36.47 0.72 35.89 -47.64 -36.00 11.64

70. -0.90 0.45 -0.50 -26.47 0.49 25.99 -57.55 -45.00 12.55

80.00 -0.96 0.28 -0.30 -16.47 0.29 16.14 -67.39 -58.00 9.39

900[ -0.99 011 -011 -6.47 0.11 f 33 -7720 -67.00 10.20
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S• t Fresnel Model
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Figure 400. 4, vs 0 for a = 160.
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Fresnel Model
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Fresne] Model
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Figure 408.

Experimentai polarization axes of reflected iight from CARC sample. Shaded areas indicate
conditions Ahere predicted po!anzation axes deviate by more than 200 from experimental
values.

I gT o]2j_0 4 50 60 70' 80_ 90
180 3 3 3 3 3 _ 4  4

160 __ 9 _ 9_1

1404 5 8 12

120 11 9 0 13 7_ 14

100 3 2 1 1 15, 15

80 5 8 5 9 19 20 419 .

60 10 11 14 9_ 12 17 18 17 16 12

40 9 12 13 13 17 18 15 13 11 10r2_1 1 10T-i- 1_F--7
20 1 0 1113 1514 12 13 9 10

Figure 409.
Angular difference between predicted and experimental polarization axes of reflected light
from CARC sample using the Fresnel model.
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T~he g 'raphs oy Figure 99 Figaure 400O, ...Fitgure 407 and the chalts of Figurz 4,08 ond
Figin:- 409 ;.ndica-- that the modlified Jaws of ie-flection ol' Fresn-:I closely fit over 75 peýrcf;nt
Ofl the coIJected data. T grelatest deviations occur within 600 (.,f the plane coritaininp thk-'
incident ray, the reflectued m~y and Cie normal to the sur;:ace and for 0~ > 40'.

REILATIViE 1NTENS1TSI7IE

Thtý comn-orents R., and of the amplituce R~ of the electric viector foi ekcv light is
obtaine-d fi.-m ýquaton (3)

hRe 3 is the- co nlýý'oýner peripendicular to the plane of iccecp is ti;corrnoonent

parallel1 to the plaite of -tocidlence and R =R; +-jS

By defin-.*ion, RI

LZrerSe.s th e re, tI veint~sitics of tne reflecte-- CiL

Tabh- 92 show.s the c.ýLculatiorns of R`2 for an index of rzfr-c-,ctci n 1.2. Table 93 Fhovwf,.
the alclatir~sof T,'2 for :un irdex of re-iraction n = 1.7. Th Zps fFg ýr 10

Fgýr 41, ., . Fiue -113 s'how the results graphicafly.
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Table 92. Calculations of Relative Intensitics for Reflected Light from CARC Sample
foran =1.2

a_ Rp RS _ R R9 RR:-2

0 o .ooCW 0.17931 0.17931 1.0O00 1.00

10 0.0,0i0 0.17659 0.17659 0.98481 0.97

20 00060.16850 f0.16850 0.93969 0.88130 0.0005 0.15529 0.15529 0.86603 0.75

S60 0. M 1 0.89- 0.096 0.5000 0.2
70 0.0009 0.06133 0.06134 0.34206 0.12

0, 80 0.00103 0.03114 0.03115 0.17374 0.03
.90 0.00105 0,00000 0.00105 0.00585 0.00

0 Rp _R_ _ R R' R9_2

, 0 0.00169 0.16793 0.16793 0.93654 0.88

10 0.00274 0.15737 0.15740 0.87779 0..77

j 20 0.00370 0.14204 0.14209 0.79242 0.63

30 0.00455 0.12240 0.12248 0.68305 0.47
40 0.00526 0.0,903 0.09917 0.55304 0.31

50 0.00582 0.07265 0.07289 0.40A647 0.17

60 0.00619 0.04407 0.04450 0.24818 0.06

70 0.00638 0.01415 0.01552 0.08655 0.01

80 0.00637 -0.01620 0.01741 0.09711 0.01

____90 0.00•617 1-0.04610 0.04648 0.25919 0.07
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a= 140

0 Rp RS R R R

0 0.00992 0.13991 0.14026 0.78223 0.61

S10 0.01,281 0.12403 0.12469 0.69538 0.48

20 0.01531 0.10438 0.10550 0.58833 0.35

30 0.01734 0.08156 0.08338 0.46500 0.22

40 0.01885 0.05626 0.05933 0.33088 0.11

50 0.01979 0.02925 0.03531 0.19693 0.04

60 0.02012 0.00135 0.02017 0.11248 0.01

70 0.01985 ,-0.02660 0.03318 0.18506 0.03

80 0.01897 -0.05370 0.05698 0.31774 0.10

90 0.01751 -0.07920 0.08114 0.45249 0.20

• =120

0 Rp RS R Rl R12

0 0.02494 0.10711 0.10997 0.61331 0.38

10 0.02939 0.08878 0.09351 0.52150 0.27

20 0.03294 0.06775 0.07533 0.42009 0.18

30 0.03549 0.04466 0.05704 0.31309 0.10

40 0.03696 0.02021 0.04212 0.23491 0.06
50 0.03731 -0.CO480 0.03762 0.20979 0.04

60 0.03652 -0.02980 0.04711 0.26273 0.07

70 0.03463 -0.05380 0.06395 0.35666 0.13

80 0.03168 -0.07610 0.08247 0.45993 0.21

90 1_0.02777 .-0.09620 0.10013 0.55842 0.31
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Sa = 100

S Rp Rs RR R2

0 0.04279 0.07764 0.08365 0.49438 0.24

10 0.04733 0.05886 0.07584 0.42296 0.18

20 0.05142 0.03329 0.06411 0.35753 0.13

30 J0. 0 5 344 0.01656 0.05595 0.31203 0.10

40 0.05385 -0.C00570 0.05414 0.30195 0.09

50 0. 052161 -0.02770 0.05947 0.33167 0.11

6-0 0.04978 -0.04900 0.06982 0.38935 0.15

70 0.04543 -0.06870 0.08235 0.45926 0.21

80 0.03971 -0.08630 0.09502 0.52993 0.28

90 0.03278 -0.10140 0.10652 0.59404 0.35

a =80

8 Rp Rs R R9 R'

1 0 0.05961 0.0541 0.08051 0.44899 0.20

10 0.06429 0.0359 0.07362 0.41056 0.17

70 0.06701 0.0165 0.069302 0.38493 0.15

; 30 O0.0677 -0.0033 0.06778 0.37801 0.14

] 40 0.06633 -0.0230 0.07022 0.39160 0.15

50 0.06295 -0.0421 0.07571 0.42224 0.18

1 I 60 0.05765 -0.0598 0.03309 0.46335 0.21
70 0.0506 -0.0758 0.09111 0.50812 0.26

80 0.04202 -0.0894 0.09879 0.55092 0.30

90 0.03215 -0.1003 0.10535 0.58754 0.35
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S0 Rp RS R R9'R
S0 0.07331 0.0360 0.08169 0.45560 0.21

iO 0.07693 0.0186 0.07915 0.44140 0.19

20 0.07820 0.0006 0.0782 0.43612 0.19

30 0.07710 -0.0173 0.07902 0.44070 0.19

S40 0.07365 -0.0348 0.08147 0.45432 0.21

50 0.06797 -0.0512 0.08511 0.47466 0.23

60 0.06022 -0.0661 0.08941 0.49861 0.25

70 0.05064 -0.0789 0.09373 0.52300 0.27

80 0.03953 -0.0894 0.09773 0.54503 0.30

90 0.02721 -0.0971 0. 0030 0.56245 0.32

e =40

0 Rp Rs [ R R' R12

0 0.08314 0.0220 0.08599 0.47957 0.23

10 0.08525 0.0053 0.08542 0.47638 0.23

"20 0.08478 -0.0115 0.03555 0.47710 0.23
30 0.08173 -0.0279 0.08636 0.48164 0.23
40 ____0.07619 -0.0435 0.03775 0.48935 0.24

: 50 0.06834 -0.0578 0.08951 0.49918 0.25

!]:i]60 0.05841 -0.0703 0.09143 0.50986 02so 004761 -.9 0 0____.09326_ 0.5209_ 0.f

80 0.03359 -0.0837 0.09480 0.52870 0.28
1-90 0.01945 -0.0939 0.095)9 0.53474J 0.29
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a =20

0 J Rp Rs R R' R'_

0 0.08893 0.0104 0.08958 0.49959 0.25

101 60.309338'-0.005710.0-3295610.499-45 0.25

20 0.07G,6 -0.016 0.083970 0.50,024 0.25

30 F0.05321 .0.0362 0.089132 0.50184 0.25

40 0.07464 1-0.0510 {0.09039 0-.50-407 0.25

50 0.06492 -0.0,536 0.09085_ 0.506-65 0.26

II 60 0.0913220.50916 0.26
70 0.0399 1 -0.0_26 0.09174 0.51159 0.26
2, 0 0.02538 -0.0305 0.09205 0.51337 0.26

90 0.o0 1003 -0.0917 0.09224 0.51438 0.26

Table 93. Calculations of Relative Intensities for Reflected Light from CARC Sampleior n 1.

7] 0 0.00000 04049 0.4M,94 1.0000 1.00

10 0.01749 10.3988 0.399 17 0.98575 0.97

30 0.05037 0.3507 0.35429 0.87491 0.78
i:']40 0.06476 0.3102 0.31689 0.78256 0.61

50 0.07717 0.2603 0.27149 0.67045 0.45

60 0.08725 0.2025 0.22047 0.54445 0.30IJ
70 0.09467 0.1385 0.16776 0.4!428 0.17

8 80 0.09921 0.0703 0.12160 0.3003,0 0.09

90 0.10074 o.0oo 0.10074 0.24873 0.06

;26
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a =160
0 Rp R:S R R' R'2

0 0.02889 0.3836 0.3 467 0.94993 0.9

10 0.04674 0.3595 0.36251 0.89521 0.80
20 0.)063 1 0.3245 0.33055 0.81630 0.67

30 0.07769 0.2796 0.29017 0.71658 0.51

40 0.08984 0.2262 0.24.339 0.60105 0.36

50 0.09926 0.1660 0.19337 0.47754 0.23

60 0.10566 0.1007 0.14594 0.36040 0.13

70 0.10886 0.0323 0.11355 0.28042 0.08

80 0.10874 -0.0370 0.11487 0.28368 0.08
90 .10533 -0.1052 0.14888 0.36766 0.14

a=140

0 Rp Rs R R' R12

0 0.06475 0.1399 0.15417 0.38072 0.14

10 0.01281 0. 10240 0.12469 0.30792 0.09

20 0.01531 0.1044 0.10550 0.26052 0.07

30 0.01734 0.0816 0.08338 0.20591 0.04

40 0.01835 0.0563 0.05933 0.14652 0.02
50 0.01979 0.0292 0.03531 0.08720 0.01

60 0.02012 0.0013 0.02017 0.04981 0.00
70 0.01985 -0.0266 0.03318 0.08195 0.01

80 0.01897"_..... -0.0537 0.05698 0.14070 0.02

90 0.01751 -0.0792 0.03114 0.20037 0.04
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c=120

0Rp R s R t R' IR,2
0 0. 107 6{6 0.2627 0.28369 0.70053 0.49

10 0.12613 0.2177 0.25164 0.62143 0.39

2 0.14137 0.1662) 0.21817 0.53377 0.29

3 30 0. 15232 0. 1095 0.18761 0.46331 0.21

40 0. 151-53 0.0496 7 16620 .41043 O, i7

50 0.16013 -0,0119 0.16057 0.39653 0.16
60 0.15676 -0.0730 0. 17292 0.42703 0.18

70 0.148M3 -0.1319 0.,19870 0.49070 J 0.24

j 80 0.13593 -0.1868 0.23102 0.57051 0.33

90 0.11920 -0.2360 0.26437 0.65286 0.43

0 Rp Rs R R' R'2

i]0 0.15019 0.!987 0.24905 0.61504 0.38

10  0.16788_ 0.1506 0.22555 0.55699 0.31
?ý7 20 0.18048 0.0980 0.20536 0.50715 0.26

30 0.18759 0/.0424 0.19232 0.47493 0.23

A 40 0.18900 -0.0145 0.18956 0.46812 0.22

50 0.18467 -0.07i0 0.19784 0.48356 0.24

60 0. 17473 -0.1253 0.21499 0.53093 0.28

70 0.15948 -0.1758 0.23733 0.586-08 0.34
____ ____t___ ______"_ ___

80 0.13938 -0.22N9 0.26121 0.64505 0.42

90 0.11505 -0.2594 0.2S372 0.7W066 0.49
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//
/

___ __ _=80

0 Rp Rs | R R' _R

0 0.18372 0.1418 0.23729 0.58599 0.34

"10 j 0.20353 0.0953 0.22476 0.55503 0.31
"20 0.21215 0.0429 0.21666 0.53504 0.29

30 0.21433 -0.00.8 0.21451 0.52973 0.28

0.3 20.210 -0.0612 0.21874 0.54019 0.29

50 0.19928 -0.1118 0.22352 0.56433 0.32

60 0.1S251 -0.1590 0.24208 0.59782 0.36

70 0.16020 -0.2014 0.25735 0.63552 0.40

80 0. 13301 -0.2377 0.27235 0.67257 0.45

90 0.10179 -0.2667 0.28545 _ 0.70493 0.50

c=60

0 Rp RS R R R'2

0 0.21961 0.0988 0.24081 0.59467 0.35

10 , 0.23043 0.0511 0.23602 0.58284 0.34

F 20 023424 0.0018 0.23425 0.57847 0.33
30 0. 23094 -0.G475 0.23578 0.582216 0.34

40 0.22062 -0.0954 0.24037 0.59360 0.35

50 02039 -. 1404 0.2473 06076 0.37

S60, 0.18039 -). 1311 0.25563 0.63129 0.40

70 0. 15170 -0.2164 0.2&123 0.65253 0.43

s[ 0.11840 -0.2450 0.27210 0.67196 0.45

90 0.08150 -0.2662 0.27839 0.68748 0.47

272



L]

a8 Rp RS R R R92

0 . 0.24172 0.0615 0.24944 0.61593 0.38

10 0.247• 7 0.0149 0.24832 0.61322 0.38

20 0.24649 -0.0321 0_._ 24.5 0.61335 0.38
761 -0.072f0251f____30 0.237, -oo2 0.25Uo16 0., 3.8

40 0.22152 -0.1220 0.25283 0.62443 0.39
50 0. 19870 -0.10210 0.25635 0.63307 0.40

S60 0.169,4 -0.1971 0.26016 0.64246 0.41

70 0.13581 -0.2262 0.26382 065151 0.42

so80 0.09767 -0.2434 0.26692 0.65917 0.43

90 0.05655 -0.2631 0.26911 0.66456 0.44
_-26 = _20

0 Y Ip RS R R' wRm

U _______0 0.25439 0.0295 0.25660 0.63367 0.40

10 0.25604] -0.0161 0.25655 0.63354 0.40
;,j 20 0.24910 -0.06137 0.2563 0.63424 0.40

30 0.23519 -0.1 46 0.25740 0.63566 0.40

40 0.21383 -0.1447 0.25321 0.63764 0.41

50 0. 18597 -0.1805 0.25913 0.63993 0.41

60 0.15247 4-0.2107 0. 26W07 0. 64,22 5 0.41

70 f0.11433 -0.2345 0.26091 0. 64-433 0.42

S80 0.07271 -0.2512_ 0.26155 0. 64591 0.42

__ 90 0.02839 -0.2603 0.26192 0.64681 0.42
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Reflection From CARC-Painted Surfac,

Fresnel Polar52'ation Model (n = 1.2)
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0.8H

0

0.165__

0 10 20 30 40 50 60 70 80 90

Incident Polarization Angle

-S~a= 180 *-->= 160 -- a= 140 -r-•-= 120 -*-a= 100

Figure 410.

Relative Reflection Intensities
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Reflection From CAR, C-•aInted Surftice

_____ rsne1PolarLmaioin Modei (n = 12)
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Reflection From CAPRC-Painted Suriace

Fresnel Polza••lion Model (n = 1.7)
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Relative Reflection Intensities
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i Reflection" Fro". C ?IC-1a inted Surface

0-5 Free.nel Pol~ariztion Mod:e (n = 1,7)
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Figure 413.F Relative Reflection Intensities
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SUMMNAIRY

Polarization Axis

By using a modified definition of the plane of incidence, it has been demonstrated that the
Fresnel equations for reflection are useful in predicting the angle of polarization for linear

polarized light reflected from a CARC-painted sample. The results are shown in Figure 408
and Figure 409. The theory used fits over 75 percent of the collected data. Most of the
deviation from theory occurs for azimuth angles between a = 160' and a = 100' and for
incident polarization angles 0 greater than 500. This is an interesting development since this
range agrees closely to the azimuth angles found in a previous study, "Goniophotometric
Studies of a CARC-Painted Surface', 13 Aug., 1991, to correspond to a semi-gloss surface.
The azimuth angles for which the modified Fresnel equations work best correspond to
viewing angles for which the CARC surface acts as a diffuse reflector (Figure 346).

The photograpths of Figure 390 for a = 180' (i = 50') and the graph of Figure 399 suggest
an index of refraction close to n = 1.2 for the CARC-paint layer. The selected light source
slope and camera slope of 400 produced an angle of incidence of 50' for a = 180'. This
is, coincideentally, close to the Brewster angle since the condition for the Brewster angle is

A given by Taxi i = n and Tan 50' = 1. 19. Unpola'ized light incident on a dielectric at the
Brewster angle produces reflected light that is plane-polarized parallel to the surface of the
dielectric. The photographs of Figure 390 for a = 1800 (i = 500) and Table 89 illustrate
that the reflected light was nearly plane-polarized parallel to the CARC-painted surface for
all incident polarization angles 0 = 0* to 0 = 800. Also, light vibrating in the plane of
incidence (0 = 90*) is not reflcted at the Brewster angle. The photographs of Figure 390
for a = 1800 show very low intensities for the reflected light when the incident polarization
angle was close to 900.

Intensity

Since all the data collected for this study was in the form of photographs, intensity
measurements are at best semi-quantitative. However, various trends can be identified in the
collection of photographs which can be compared to theoretical predictions.

The trends in relative intensities shown in Figure 410 and Figure 411 for an index of
refraction n = 1.2 more closely match the intensities shown in the polarization axis finder
photographs than do the trends shown in Figure 412 and Figure 413 for n = 1.7.*1. Figure 399 also supports the idea that the CARC paint layer has an index of refraction
closer to 1.2 than to 1.7.
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The plots of relative intensity from Figure 411 correspond to the photographs of Figure 392,
j Figure 393 and Figure 394. This graph and corresponding photographs are for azimuth

angles a = 200 to a = 100'. There is close agreement between theory and experimental
data for this range of azimuth angles. The predicted values appear to be lower than the
photographs indicate. However, theory predicts that the relative intensities are nearly
constant for all incident polarization angles 0 and this is the trend indicated in the
photographs for this range of azimuth angles. Once again, theory and experimental data areL: LiJin close agreement for viewing azimuth angles for which the CARC surface acts as a diffuse

y[: reflector.

The modified Fresnel equations, for azimuth angles a = 1200 to a = 180', predict a
continuous decrease in relative intensity which, after reaching zero, is accompanied by an
increase in relative intensity. All the corresponding photographs show this same trend.
However, the incident polarization angles for which the zero intensity values are reached
differ by approximately 200.

Limitations

Since this study was primarily phenomenological in nature, restrictions were imposed
regarding space, available equipment and time. The slope of the light source and camera
were limited to 40'. This limited the range of angles of incident and reflectances as shown
in Table 94.

Table 94. Range of Angles of Incidence i, Angles of Refraction r and Reflectances rp
and rs.

n _ _i.2 n =1.7

i- .,a< i < r rp rs < r rp rs

ISO W8 0 50.00 39.67 0.C•00 0.03215 26.78 0.01015 0.16398

S160.CDO 48.97 38.95 0.00004 0.03031 26.34 0.01193 0.15819

140.00 46.04 36.86 0.0004 1 0.02585 25.05 0.01727 0.14335

120.00 41.56 33.56 0.00139 0.02073 22.97 0.02567 0.12470

100.00 35.93 29.27 1 0.00291 0.01630 20.19 0.03580 0.10673

i 80.00 29.50 24.23 0.00459 0.01299 16.84 0.04597 0.09182

60.00 22.52 18.61 0.00612 0.01073 13.02 0.05487 0.08062

J 40.00 15.19 12.61 0,00729 0.00930 8.87 0.06163 0. 07301

20.00 7.64 6.36 0.00802 0.00851 4.49 0.06581 0.06864

279fI



The diameter of the aperture of the polarization axis finder was two inches. The tube it was
connected to was approximately 12 inches long. This geometry allows for an approximately
100 solid angle of reflected light to be incident on the film plane.

The centers of the wedges in the photographs were determined to within two degrees. This
introduces an approximately two degre- error in determining the polarization axis of the
reflected light.
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CONCLUSIONS

] LUMINANCE

Tie largest luminance readings for sunlight reflected from three ground combat vehicles, the
NM60 tank, the Ml Abrahams tank and the Marine Corps amphibious Light Armored Vehicle
(LAV25), were obtained from the turret areas of the vehicles. The highc••t luminance
reading from the&e vehicles (16,600 cd/m2) was obtained from the top of the turret of the

SM60 and is due to specular reflection. Specular reflection is enhanced by (1) smooth
surfaces, (2) elevated positions, (3) beveled or rounded shapes, and (4) gloss and semi-gloss
painted surfaces. Luminance readings for the M60 decre-.sed, in general, for areas closer to

J the ground because specular reflections for thhe. regions are. frequently below the ground
plane.

Specular reflection is reduced or eliminated by overcast sky conditions. Dense, overcast
skies tend to make the luminance ratios more constant. Openings in cloud cover contribute
to variance in luminance. Cumulus clouds near the direction of the sun were observed to

,increase the luminance readings of gro,.nd vehicles. These clouds reflected more light onto a
target area than would be produced by light coming directly from the sun alone.

i The MI has three distinguishing luminance areas: the turret, the skirt and the track and
suspension areas. These areas remain distinguishing features despite orientation, time of day
or sk-y condition. The average luminance obtained from the skirt area is approximately 70
percent of the average luminance obtained from the turret areas. The average lurainamce
obtained from the track and susptnsion areas is approximately 30 percent of thhe average
lurninance obtained from the turret areas. The largest luminance reading obtained from a M1
turret area was
4,618 cd/m 2 ; acquired at 10:00 on 1 August 1990 during clear skies. The M1 turret areas
also showed the greatest variance in luminance (as great as 50 percent of the average turret
value) compared to other areas (maximum variance for skirt: 18 percent of the average;
maximum variance for track and suspension: 16 percent of the average). Although large
variances in luminance occur for individual points on the turret, the average luminance of the
turret changed less than the other areas. During clear skies, the average luminance of the
turret decreased at the approximate rate of 600 cd/m 2/hr from 11:00 to 15:00 The average

decreased at op~xmtl 1,000. chelm 2 /hr.luminance of the skirt (11:00 to 14:00) and track and suspension areas (10:00 to 12:00)•: :?,decreased at appr-oximately 1,00.0 cd/m /hr.

"The largest luminance reading acquired from the LAV25 (3,300 cd/m 2) was obtained from a
turret area. In terms of luminance, the LAV25 is a bisectional vehicle. The wheel areas are
separated from the upper beveled regions of the vehicle by a horizontal joint running the
entire length of the vehicle. When the vehicle is positioned on the ground, tie wheel areas
make up nearly 50 percent of the vehicle's side surface area. Significant diurnal shading
occurs in this area. In the early morning hours, with the vehicle positioned along a north-
south line and metering to the west, the luminance of the road wheels and the areas
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immediately above them are nearly the same. However, diurnal shading in the wheel areas
produces variation in the luminance ratio of these two areas. During clear skies, the ratio of
the average luminance of the whe-l areas to the average luminance of the areas above them
decreased at the approximate rate of 0. 15 per hour.

During clear skies, there are extended periods of Table 95. Approx. Average Luminance.
time for which the average luminance of the Ml,
the LAV25, grass and trees car, be expressed by M1 L = 3,000 - 500 t

l iear equations. Table 95 gives a summary of,,:•. a umaryof LAV25 L =1,700 - 200 t
the equations for the approximate average
luminance for th"ese targets and backgrounds. Grass L = 3,400 - 250 t

Average luminance L is expressed in cd/.n 2 and Trees L = 1,200 - 80
time t is in hours. T1hese equations are valid for _
times 10:00 to 15:009 with t = 0 at 10:00.

The best curve fit, during clear skies, for diurnal luminance readings of sunlight reflected
from plane surface facets was obtained when luminance was plotted as a function of the
cosine of the angle of incidence. 7This is the same principle which produces the seasons.
Light energy from the sun per unit area decreases with an increase in the angle of incidence.
The curves are nearly straight lines for the time interval 12:30 to 14:00. Deviations from a
linear relationship between luminance and the cosine of the angle of incidence occurred
befor " 12:30. These deviations are a result of th! diurnal changes in the sun's power output.
However, luminance was found to be directly proportional to the cosine of the angle of
incidence whien luminance readings were acquired from a CARC-(Chemnical Agent Resistant
Coating) pa.inted flat surface using a collimated white light source in a dark room.

There is a significant difference betwen the luminance readings from a newly CARC painted
surface and those from a weathered CARC-painted surface. A weathered CARC-painted
surface was found to be approximately 25 percent brighter than a newly CARC-painted
surface. This result was obtained during clewr skies using three different Ml facets during
the time interval 8:CO to 15:00.

The gloss of a surface is the degree it approaches a mirror surface. The two ext.ýeme cases
of glossiness occur for Lambertian and specular surfaces. By defirition, a Lambertian
surface is a perfect reflecting diffuser. The luminance of a Lambertian surface is constant

*: and has no dependence on angle of view. Incident light is distributed equally in every
direction. It is the ideal surface of zero gloss. A purely specular surface produces a
non-zero luminance value only at the angle of mirror reflection.

The newly CARC-painted surface was found to exhibit approximately Lambertian properties
for azimuth angles from 600 to 240'. Luminance readings varied by only 108 cd/m2

(3.6 percent) for this range of azimuth angles. This range corresponds to the hemisphere
opposite the sun and at right angles to the plane of incidence.
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The s~aple showed intermediae light-d:•buting properties between Lambertia and
specular for azmuth angles from 600 to 2400. The difference between the maximum
luminance reading and the minimum luminance reading acquired was 1039 cd/m2
(30.1 percent). As would be expected from a semi-gloss surface, the largest luminance
reading acquirzd (3975 cd/m 2) corresponded approximately to an azimuth angle equal to the
sun's azimuth.

Goniophotometric records obtained for the CARC-painted samnple show that higher luminance
readings are acquired for smaller metering angles; metering closer to the surface; rather than
in the direction of mirror reflection when metetring is in the plane of incidence. This is in
agreement with Fresnel's laws of reflection for polarized light reflecte' from a dielectric

. parallel to the plane of incidence. Also, the records show a decrease in luminance for angles
of incidence between 0' and 60' but an increase in luminance for angles of incidence
between 60' and 90' when metering was in the olane of incidence. This is also inj •: agreement with Fresnel's laws for polarzed reflected light parallel to the plane of incidence.

, •CONTRAST

71 Contrast is one of many factors which influences the ability to detect targets. All successful
models that predict the probability of detecting targets will contain a contrast term. Contrast
values for the M60 varied considerably, both the contast for a given area and the average

I contrast for the entire vehicle. Using gross as a background, the largest contrast value for aI:•- single area and the largest variauion in contrast (-0.84 t +3.80) was obtained from the top

of the M60 turret. When considering the contrast of the M60 as a whole, using a grass
background, the range of contrast etends from -0.95 to +3.80. The range of contrast,

i using trees as background, extends from -0.24 to +2.50.

During clear skies, the average Nil contrast using tree and grass backgrounds can be
expressed as linear equations for extended periods of time; examples are given in Table 96.
The equations of Table 96 are valid for the times 10:00 to 15:00. The correlation

'1 1] coefficients for these equations are greater than 0.98. Contrast is represented by C; the time
t is in hours with t = 0 at 10:00. The data from which these equations were derived was
acquired for a M l orientation along a north-south line and metering toward the west. There

I is a small change in the rate at which averagecontrast decreases when the range increases.
This is due to more recessed areas being included in the measurement area at greater ranges.
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Table 96. A,,erage M1 Contrast Using Tree and Grass Backgrounds on 1 August, 1990.

Range Contrast/Trees Contrast/Grass

36 feet C- 2.06 - 0.49 t C - 0.38 - 0.20 t

100 feet C - 1.53 0.38 t C - 0.02 - 0.14 t

200 feet C - 1.34 - 0.35 t C - -0.11 - 0.12 t

300 feet I C - 1.21 - 0.33 t C - -0.03 - 0.12 t

An important consequence of the shading of selected aeas on a vehicle is contrast variation
between different areas of the vehicle. This contrast variation increases the visibility of the
vehicle and produces a visali signature. Also, high contrast areas increase vehicle
detetability nd can become prominent cue features for threat observers. Significant

contrast occurs between M1 turret areas and the M1 skirt areas due to diurnal shading of the
skirt area. The luminance of the turret areas was observed to be as much as five times
greater than the luminance of ski't are (14:00, 1 August, 1990).

During clear skies, the average LAV25 contrast using tree and grass backgrounds can be
expresse-d as linear equations for extended pericds of time; examples are given in Table 97.
The equations of Table 97 are valid for the times 9:30 to 14:30. The correlation coefficients
for these equations range from 0.87 to 0.99. Contrast is represented by C; the time t is in
hours with t = 0 at the beginning of the time interval. The data from which these equations
were derived was acquired for a LAV25 orientation along a nor-h-south line and metering
toward the west. The negative contrast values obtained using a grass background indicate
that the luminance of the grass was greater than the average luminance of the LAV25. The
change in the description of contrast after 12:30 is due to shading of the LAV25 wheels.

Table 97. Average LAV25 Contrast Using Tree and Grass Backgrounds on 1 August, 1990.

F Range Time Interval Contrast/Trees Contrast/Grass

"36 feet 9:30 - 12:30 C - 0.55 C - -0.31

36 feet 12:30 - 14:30 C - 0.57 - 0.31 t C - -0.31 - 0.16 t

100 feet 9:30 - 14:30 C - 0.33 - 0.11 t C - -0.41 - 0.06 t

200 feet 9:30 - 14:30 C - 0.25 - 0.09 t C - -0.56 - 0.03 t

300 feet 9:30 - 14:30 C - 0.27 - 0.10 t C - -0.47 - 0.04 t
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When two nonparallel surfaces of a vehicle meet, a rounded edge is formed. This edge may
_ _ be formed by a single metal plate, a weld joint or a bend. Under the right conditions, an

edge may appe.u as a white line. Tnese white lines ase produced by specular reflection.
J Because of the roundness of the edge, there are many different angles of incidence. for an

edge surface for any given sun position. Hence, the white outline can be observed from
many different directions, especially for edges near the top of the vehicle. Different colors
of paint have little effect on the degree of glare. White lines were observed on edges
painted with three different colors; one of the colcrs being flat black. Since the entire

V ] 1illuminated edge appeared white, the white line is associated with light that has not interacted
with the paint pigments; there is little absorption by the pigment materials.

An important consequence of the edge effect is to increase the contrast be.tween the edge and
surrounding surfaces. This increase in contrast increases the visibility of the vehicle. A
linear polarizer is effective in reducing glare becau!e the specularly reflectad light from the] edges is linearly polarized to a considerable extent. The degree of glare extinction depends
on the angle between the transmission axis of the polarizer and the plane of polarization of
the reflected light. Controlling edge contrast is importmnt for limiting recognition and

j identification of threat observers.

j POLARIZATION

Sunlight reflected from three different Ml facets was found to be partially polarized. The
j degree of polarization depends on the time of day, sk, cor-ditions, and facet orientations.

However, the reflected light was nearly horizontally polarized for all thrie M1 facets studied
- and for all times during the day except during early morning hours (8:00 to 10:00) when the

sun was in the eastern sky. Since tile region of the sky near the sun produces little polarized
light, sunlight reflected from a north-south oriented vehicle during the times 8:N0 to 10:00
(Eastern Daylight Standard Time) is mostly unpolarized light. This accounts for the small
degree of polarization during this time of the day.

I For the turret area with a slope of 60' and an azimuth of 2700, the degree of polarization
increased continuously from 0.01 to 0.21 during the time interval from 8:CA0 to 14:00. For
the turret area with a s)-'e of 600 and an azimuth of 204', the degree of polarization

'1 increased from 0.01 to 0.12 during the time interval from 8:00 to 12:30. It then decreased
from 0.12 to 0.09 during the time interval from 12:30 to 14:00. For the skirt area, the
degree of polarization increased from 0.01 to 0. 11 during the time interval from 8:00 to

j 12:30. It then decreased from 0.11 to 0.05 during the one hour time interval from 12:30 to
13:30; rising again after the sur, crossed the meridian (13:30 EDST) to a value of .08 at
14:45.

285



Sky polarization photographs were obtaiined by placing a polarization axis finder in front of
the lens of a 35 mm camera. These photographs illustrate why the amount of linear
polarized light reflected from a north-south oriented Ml should increase after 8:00. The
zastern hernispherical sky is the only sky region which can affect western polariZPtion
readings from a north-south orient.ed Nil. Thertfore, since the amnount of polarized light
from this sky region increases from sunset to solar noon, the degree of polarized light
reflected from the M'l also increases during this same period.

A video tape was created from a camcorder with a rotating linear polarizer in front of the
camcorder lens. As the trmnsmission axis of the linear polarizer rotated in front of the
camcorder lens, polarized light entering the canicorder was observed to flicker" in unison
with the phase angle betmwen the polarized incident light and the rotating analyzer. The
video includes 360' views of an Nil, M60, skylight and objects along the horizon.

There is one dramatic feature of this video that stands out above all others. An outstanding
amount of "flicker" (reflec-ted polarized light) can be detected from surfaces which receive no

V light directly from the sun. Shadowed areas were observed to blink on and off like flashing
*.:, neon signs. Rounded surfaces, like the M60 turret, fence posts, car hoods and windows,

produced a considerable amount of "flicker" when illuminated by direct sunlight. Flat
surfaces, like the skirt area of the Ml, showed very little "flicker" when illuminated by
direct sunlight. But these same flat surfaces flashed on and off as soon as sky light became
Lhe only source of illumination. This "flicker" phenomenon, as it relates to polarized light
reflected from ground combat vehicles, has capabilities of being used as a detection device.
Ground combat vehicles, shielded from direct sunlight, mi'gh•t be detected becauce of
polarized sky light reflected from their surfaces.

By using a modified definition of the plane of incidence, it has be..n d&monstrated that the
Fresnel equations for reflection are useful in predicting the angle of polarization for linear
polarized light reflected from a CARC-piainted sample. The theory used fits over 75 percent
of collected in-house data relating to collimated, plane polarized, xenon light reflected from a
CARC painted sample. Most of the deviation from theory occurs for azimuth angles between

60' and 100' and for incident polarization angles greater than 500. The azimuth angles for
which the modified Fresnel equations work best correspond to viewing angles for which the
CARC surface acts as a diffuse reflector.

Unpolarized light incident on a dielectric at the Brewster angle 0 (tan ,k = index of
refraction) produces reflected lic-,h. tMt is plane-polarized parallel to the surface of the
dielectric. Experimental results indicate that the reflected xenon light was nearly plane-
polarized parallel to the CARC-painted surface for all incident polarization angles 0' to 80'
when the angle of incidence was 50°. These results suggest an inder, of refraction close to
1.2 for the CARC paint layer. Analysis also shows very low intensifies for the reflected light
when the incident polarization angle was close to, 90C.
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]The modified Fresnel equations, for azimuth angles 120' to 180', predict a continuous
decrease in relative intensity which, after reaching zero, is accompanied by an increase in
relative intensity. All photographic data for the in-hous study show this same trend.
However, the incident polarization angles for which the zero intensity values are reached
differ by ap-proximately 20'.

CHROMATICITY

SThe three coordinates for the CIE Chromaticity Diagram were measu.,wd for thr. different
7. facets, three different tree areas and a griss ar'.a. Measurements were made from 8:00
to 14:45. Clear skies prevailed until i2:C0O; light overcast and cloudy condit.ons existed after
12:00. The CIE coordinates of the three different M1 facets shifted slightly towavrd the white
light coordinate as the sun moved westward from 8:00 to 14:00. There was virtully no
change in the CIE coordinates for grass from 8:00 to 14:00. There was little difference in
the behavior of the CIE coordinates for the three different tree areasu measured. The value of
both the X and Y tree coordinates continuously decreased from 8:00 to 14:00. The tree
areas had a greater saturation of green than the Ml and they showed a gre-,er shift toward
the white light coordinate from 8:00 to 14:00.

ii28
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EBRCONUIMENDATIONS

Preliminary investigations have identified sky illumination as the principle s-urce of
polarized reflected light from ground combat vehicles. Since this source of illumination
produces a unique visual signature of ground vehicles, it is desirable to obtain a rnathematicnA
description of this source of illumination. Iddally, the model should be able to predict the
polarization axis and the relative intensity of polarized light for any point in the sky at any
"time of the day for which sky illumination is the principle source of polarized light.
Hopefully, this model can be integiated with a second model which predicts the degree of
polarization and the polarization axis of reflected light from the surfaces of ground vehicles.
This second model should produce acceptable results for any surface orientation. Presently,
only a framework has been establish.d from which these models can be derived.

One of the limitations of the diurnal luminance and contrast studies relates to an inability to
spot measure the entire surface area of a ground vehicle in a reasonable amount of time.
New technological advances in digital cameras could remtdy this limitation. With the click
of a button, the entire exposed surface ar-a of a vehicle can be digitally r-corded for
computer analysis. Since th,,se digital cameras have color capabilities, vehicle signatures
could be studied in terms of diurnal color changes.

2
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I APPEM1Ma A

OMfTCAL DENSITY AND TRIANSIYAITTAiC E

Optical Density is defined as the logarithm to the base ten of the ratio of the power of the
incident beam to that of the exiting beam.

D = -log•0T

Where:

D = Optical Density, I0 = Incident power and IT = Trn.~mittcd power

The transmittance, T, is - and is given by1]0
T = 10-

Suppose that a luminance reading from the Minolta LS-100 luminance meter is L. If a polarizer
Sof optical density 0.5 (transmittance = 0.316) is placed in front of the ýinolta LS-t00

luminance meter, the luminance reading should never be greater than 0.316 L. Hdwever, data
collected using polarized light with a polarizer of optical densitV 0.5 placed in front of the
LS-100 produced luminance readings greater than 0.316 L. Luminance readings as high as
0.6 L were obtained.

Figure 414, Figure 415 and Figure 416 describe a simple experiment to obtain the luminance
from a source of unpolarized light. The optical density of the neutral density filter and the

Spolarizer P1 were measured using a densitometer; both were found to be 0.50. The results are
given in Table 98. The transmittance through the neutral density filter and the polarizer are both
close to the predicted value of 0.316.

Figure 418, Figure 419 and Figure 420 describe a simple experiment to obtain the luininance
from a source of polarized light. The linear polarizer P0 polarizes the light from tht frosted

4 glass plate. Linear polarizer P1 serve,-e as an analyzer. Table 99 gives a summary of the results.

When p-olarized light was transmitted through a neutral density filter positioned in front of the
LS-100, the transmittance through the neutral density filter was found to be close to the
predicted value of 0.316.
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The results obtained from the arrangement shown in Figure 420, however, illustrate that there
are clearly angles betwe•n• the transinssion axes of the polarizers that produce transmittance
Fgreater than 0.316. When the ange between the transmission axes of the polarizers is varied
from 0' to ISO0, the ramsmrittance increases from 0.00 to 0.59 and then decrease to 0.00.
Figure 421 and Figure 422 show the results graphically. From the Law of Malus, the
transmittance should be directly p:oportionai to Cos 2 0.

K" Although the collected data for the crossed polarizers agrees with the Law of Malus,
L1 = 857 Cos2 0 , the expected values for the luminance, considering that the transmittance of
the polarizer is 0.316, should fit the equation L! = .0316 L0 Cos 2 0. The ratio of the
experimental luminance readings to the expected luminance readings is a constant, 1.87, for light
passing through crossed polarizers and incident on the Minolta LS-lQ0.

Obviously, the optical densi'.y of 0.5 (transmittance 0.316), measured with the densitometer, is
only appropriate for unpolarizM light.

.. :gure 414

Mfacbeth -D 502 Densitorneter
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Table 98. Luminance (L) and luminance ratios
uigpolarized and unpolarized

light with ihe Minolta LS-100
luminance meter.

J5833 1921 1730 1
Lr /Lo - 0.330 Gis"

ige i L, /LO - 0.297

Note: All luminance (L) values are Wa cd/m 2.

lnczandkcnt
Bulb LuBunaln. Bub LumL,-.2nce

MOW±

Fmatd FrstcdLinea

Gr" G d PoLrLGas PG

Optical Desity o" Fitut = 0-50
Transmittance of Filter - 0.316 Optical Dmtsity of P1 - 0,50

m Tresin ¢.e of P, 0.3 6

iU

Figure 415 Figure 416

'Iý
;] / "....

Figure 417
Experimental setup for measuring luminance of polarized light with the Minolta LS-100
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I Table 99. Luminance (L) and luminancz ratios
using polarized light with the
MLnolta LS-100 luminance meter.

Lo - 1447; L- 478; 90- 90

1 /L.. /4 O. 330 3ab

$1-9 0 L, /10

0 -90 1 0.001

10 -80 18 0012 Ps Pct." P,

20 -70 82 0.057 Figure 418
30 -60 185 0.128

40 -50 318 0.220] 50o -40 f464 0.321 Bf ~~L'c

60 -30 610 0.422

70 -20 730 0.504
•!j- r•.wdPolanu-Z P0 Neatr I

80 -10 813 0.561 Gito Nnity Filte

900 8 57 -,9. cqfj = t f F 0.50

Tx=",= -et of Fi,, - 0.316
100 10 848 0.586

110 20 779 0.538 Figure 419

120 30 673 0.465
40 535 0.370

0 . .. 30 Bulb Lurc.
1.40 50 378 .2619C 6

150 60 247 D. 170

160 70 125 0 086 I \ "r ",ix Pr.P•- Polarizer PO Pohiar= PI

170 80 36 0.025

180 90 3 0.002 OpticalDtnatyofP 1-0.60
-. ... =- , Tnu nittniznc of P, -0.316

]" Note: All luminance (L) values are in cd/m 2. Figure 420
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LUINN'lANCE USING CROSSED POLAmZERS
METERING FROM MINOLT A LS-10O

1• 1000

1000

i Soo

600

S2o200

i -100 -80 -60 -40 -20 0 20 40 60 80 100

ANGLE BETWEEN AXIS OF POLARIZERS

SEXPERIMENTFAL -4- 031 oCs0

857 Cosý 0

Figure 421
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,LUMINANCE RATIOS
U USING CROSSED POLARIZERS

METERING FROM MINOLTA LS-100

0.7

• ~0 .6 "-

r 0.5

S] 0.2

] 0.1-

0

K' ] -100 -80 -60 -40 -20 0 20 40 60 80 100

ANGLE BETWEEN AXIS OF POLARIZERS

fl
EXPERIMENTAL -4- 0.316 Cos2 0

0.592 Cos2 0

Figure 422
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APPENDIX B

POLARIZATION AXIS FINDER

This device finds the polarization axis of linear polarized light and visually indicates the intensity
of polarization. The circular lens element is polarized consentrically about the center. Each tiny
area is a linear polarizer, with the direction of the transmission axis perpendicular to the radius.
This arrangement causes a blackout (two dark opposing wedges) of polarized light in direct
alignment with the axis of polarity of the incident light. The polarization axis is along a line
through the center of the two dark opposing wedges. The darker and broader these wedges
appear, the greater the intensity of the polarization of the incident light.

L1~A

I TRANSNrION POLA,41U -

TRANSNA2TTNCE

Lr POLAR=~f LIGHT

Figure 423 Figure 424

The axis finder is a polarizer Axis finder used to locate
with circular concentric the transmission axis of a
transmission axes. linear polarizer

V
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i• APPENDIX CT"TIUE ASTRONOWMCAL TRIANGLE

Sz

Figure 425
1 The Astronomical Triangle ZRP.

Vertices: North Pole P, Zenith Z and Heavenly Body R.

Sides: PZ = 90 - Latitude (4)
ZR = z = 90 - Altitude (h)
PR = 90 - Declination (5)

Angles: <P = hour angle (wi)
< Z = 180 - Azimuth (A)

E is the intersection of the meridian and the equator.
N is north. S is south. W is west.
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Figure 426
Astronomical Triangle, with heavenly body R west of meridian.
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j Figure 427
Astronomical Triangle, with heavenly body R east of meridian.
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FORMULAS FOR SPHERICAL TRIANGLES

Law of Sines:

Sin a Sin b Sin c b

"Sin A Sin B Sin C c
i (1) B _..Na C

Law of Cosines: Figure 428

Cos a = Cos b Cos c + Sin b Sin c Cos A
(2)

Cos b = Cos a Cos c Sin a Sin c Cos B
(3)

Cos c = Cosa Cos b + Sin a Sin b Cos C (4)

Co- A = -Cos B Cos C + Sin B Sin C Cos a
(5)ji• Cos B = -CosA CosC + SinA Sin CCosbS~(6)

Cos C = -Cos A Cos B + Sin A Sin B Cos c
(7)

Relation between Two Angles arid T hree Sides:

Sin a Cos B = Sin c Cos b - Cos c Sin b Cos A
(8)

Half-Angie Formulas:
Tan A p Tan B p

2 Sin (s - a) 2 Sin(s - b) (9)

C p s a + b + cTan-- where s
2 Sin (s -c) 2

and P= Sin(s - a) Sin(s - b) Sin(s - c)
Sin s
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FO LO T,• ASzhONOMtCATRIANGLE

From (1)

71 Sin w Cos Sin z Sin A

From (2) (!C C

Cos z Sin in + Co0 ep Cos 6 Cos w
• (11)

t 71] From (3)

Sin6 = Sin Cos z -Cos Sin z Cos A1: (12)

From (8)

A Sin z CosASit os6Coscw-Cos Sin 6

.1 From (9)

Sin sin
i] Tano-± _2 2

2 Cs z. -A (e ) o z 3 ( +)]

N 2 271, !] (1i4 )
\, :i i!]From (8)

"Cos 6 Cos o = Cos ep Cos z +Sin (b Sin z Cos A
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APPENDEK D
ANGLE BETWEEN SUN'S PAYS AND PLAMNE

If r is a unit vector, +Z

Z =Cos 3 (16)

J X= W Sin ca 01)r

Y =SW Cos ca (1

X =Sin S Sin a¢ (20)Y

+X
Y =Sill• Cos U• (21)

i] Figure 429

r=X i+ Y + Zk (22)

r = Sin Sin c i + Sinf Cos aj + Cos k (23)I. If r is a unit vector opposite in direction to an incident sun ray, then

= zenith distance of sun (z) and c = azimuth of sun (A).

r = SinzSinAi + SinzCosAj + Coszk (24)

The azimuth of the sun is measured westward from south and is zero when the sun
is on the meridian.

Let n be a unit vector in the direction of a normal to a plane surface. Then

El ri SinsSin i + SinsCosyj + Cossk (25)

where s is the slope of the plane and -y is the azimuth of the plane.
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]The azimuth of the plane is measured westward from south Lnd is zero when the
normal to the plane points south.

The vector dot product can be used to find the angle between r and D:

J ren= Irl Inj Cos i (26)

f, il where i is the angle between r and n.

Angle i is the angle of incidence the sun's rays make with the normal to the
Li surface.

j Since r and n are unit vectors

ran
Cos, i -/Cn (27)

Cos i = Sin z Sin A Sins Sin y + Sin z Cos A Sins Cos y

+ COS Z Cos s

j Using the expression for Sin z Sin A from (10), the expression for Cos z from (11)
and the expression for Sin z Cos A from (13), equation (28) can be rewritten as:

I Cos i = Sin w Cos 6 Sin s Sin y + Sin 4 Cos 6 Cos 6o Sin s Cos y

- Cos 4, Sin 6 Sin s Cos y + Sin 4, Sin 6 Cos s

+Cos oCos6 Cosw Coss

"(29)
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APPENDIX E
EQUATIONS FOR RE".LECTED SUN RAY

The following is a derivation of the equation for the direction of a reflected sun

ray from any plae surface.

Let z = zenith angle of sun

Let A = azimuth of sun

Let I be a unit vector opposite in direction to an incident sun ray.

From (24):

I = SinzSinAi + SinzCosAj + Coszk (30)

Let s slope of plane surface

Let y = azimuth of plane surface (south = 0)

Let N be a unit vector normal to a plane surface P.

From (25):

N = Sin sSin i + Sin sCos-yj + Cos sk (31)

* .Let R be a unit vector in the direction of the reflected sun ray from P.

SR = X + Yj + Z k (32)

Since vector R is a unit vector, X, Y and Z are the direction cosines of vector R.
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JFind X, Y, Z.

Let i = angle of incidence.

From the laws of reflection:

A. I, N and, R. are coplanar

]rý 0 (1 X P4) = 0 (33)

B. The angle of incidence equals the angle of reflection

N e R = Cos i (34)

I R =Cos 2i (35)

Let
I

I1 = Sin z Sin A (36)
I, =2 Sin zCos A (37)
"13 = Cos z (38)

.N, = Sin s $i -y (39)
* N2 = Sin s Cos y (40)*JN 3 =Cos s (41)

IAlso, from (28)

C•s Cosi = I N1 + 12 N2 + 13 N3  (42)

Co- 2i = 2 (I1 N1 + 12 N2 + 13 N3)" -1 (43)

J Equations (30) and (31) become

SI = +1i+ I2 j + 13 k (44)

N =Nli + N2 j + N3 k (45)
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Equation (33) can be written as

•.X Y Z

R (IXI)= - 1 1, 13 Q (46)

N, N2 N3

Expanding the determin.ant in (46)

( 2 N 3-I 3 N2) X + (N 1  N) Y+ 1 N 2 - 2N) Z =0
(47)

-From (34)

NI X + N2 Y + N 31Z3 = Cosi (48)

/ // From (35)

I 1 X + 12 Y + 13Z = Cos2i (49)

I Using the following matr;ces,

((12 N3 -13 N2) (13 N' I N) (VI N2  '2 N)

M N2 N3112 13

Y and K= Cosi

'Z Cos 2i

equations (47), (48) and (49) become

MQ =K (50)
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Solving for Q

•' [lQ K KM-1
(51)

By definition

-' -- _M (52)
S~det M

Combining (51) and (52)

Q .... M (53)
S] ;•.,dot AM

The adjoint matrix of N1 (adj M) is found by replacing each element of M by its
cofactor and then transposing. The signed minor (-1)1*j mij is called the cofactor
of the element aij.

Replacing each element of M by its cofactor

i adj M = transpose of

( (• ,1 2 MO3) (It N3 - 13 NON-1 1N2 )

( 11 3 3 3 M,-:N+ 1112 ?;1,1 2
2N";1) (h13N, -3N3-4, 1-12 11,,NJ) (U2 1311 -12'1; 3 + 11113m-,)

(,13 -, N3 -I, N2- ,N1Nl N2) (I3?:N,-12N 1N2 -N-') (NN 2N1 N1 -S2 +I N,)

:; (54)

adj M=

13(1V,21 -1 123) (11 -13,3 - ,131 3 •,' -1N ) (,13NN3- 11,M - , 11N2 + 12 IV ,)( 3-1 ,)1 3N 3N - 1N 1 jN (I?2N3 .-1N3+it N, N2 - 12-N12) (55)

(IN, -1NVI3) (12 13N2 (2NN3 N 3 (5

,• •(1 -131,v) (1313113 ', +�131311--4,) (N NNI,-I,•1, -1M112 +13 N,)
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Kadj M=

(I 1 N -N+1 1 , 1. - IN) Cos i + (13 NN 3 -11 N32-1 1Niý,+ 2 1 N2 )lN Cc2'

(1213 N3 -13N,.-1', 2 +11I,ýNj) Cos i +(13,N 2N3 -12N3 +11NN 2.- L,N I) Ccs2i (56)
-(I2 I3A'-12N3 +11 13N1 -1113) COsi + (12 N1 N3  - 'N ] -13NI +I IN1N3) CoS2i

The determinant of M (det M) =

](2N-13 N,) (13 NI -11 N) (11 N2  12 NY)
tN

N1  (1 N2  1)

-(12 N3 -13N 2)2  " ( 31 N3 "- 3N 1)2 -(I N2 - 2N 1 )2
(57)

_ 1, 2 -IIN +. 1N) Co ININN,-1 3 N 1 ,N3 + 11N 2  o~

1) CON iCN)s 2i

L(11 N, -12 N3 1;V)2 Co (1i 32 + (1N 3 N13 1
2  (58)os2( I ' N3N2-3I2 N- I ,¥I -//3N I) Co i * + (1 1 " i'-•lN 1  ' N3 - :N 3 +I1 3 N ) Co s 21

(UN2 -12N1 )2  + (N+-N)• + (1N3 -13 N,)

1(2 N 2-1 2 N1 •i 313N3 +I13N,) Cos i + (•,N?-1 N 1N2 -13 N, N3 I,;) Cos 2 i( N -IN ) + =1N -3N) IN -, ,' (59)

(1 1N 2- I2N 1)
2  + (12N3 -13 N2 )2  + (IIN 3 -13 N) 2  (60)

,( IN,- 1I 3 IN. -IIN 2 +1N) Cos i + (I3 N'-I N+N 1I3N,N3 +I3 N •) Cos 21 (61)
'(IN -12 N )2 + (12N3 -1 3 N2 )2 + (I 

(6I1)Ni)2
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J 7 1

"" C-A.SE 1: HORIZON'TAL SU'FACE (S -= 0):

] If the slope (s) and azimuth (-I) of the surface are both zero (surface is horizontal),

then from (39), (4C0) and (41): N1 = N2 = 0 and N3 = 1.

* The direction cosines of R (X, Y, and Z) from (59), (60) and (61) become

X 11(Cos 2i-I 3 Cos i) Sin A(Cos 2i-Cos z Cos i)2 2 (62)
1212 Sinz

-= 2(Cos 2i- 3 Cos i) Cos A (Cos 2i - Cos z Cos 1)= (63)
2 + 2 Sin z

I J
Z Z Cos i (64) +Z k + _X

*I

Equation (23) with s ' 0 becomes ZX 1.k

-Y jCos i = Cos z (65) -X1i A

, Substituting (65) and the identity
Cos 2i =- 2 Cos 2 i - 1 into (62), -z

j (63) and (64) and using
Sin 2 i +- Cos 2 i = 1, (32) becomes Figure 430

iJ

R =-SinzSinAi-SinzCosAj + Coszk (66)

From (30), a unit vector in the direction of an incident sun ray is

-1.= - Sin zSin Ai-Sin zCosAj-Coszk (67)
U Note: The direction cosines for the X and Y axis of (66,) and (67) are equal but

the direction cosines for the Z axis are supp!ementary.

3i
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7E -7

CASE 2: VERTICAL SURFACE FACING SOUTH (S = 0):

If the slope (s) of the rneflecting surface is 90' and the azimuth (-y) of the surface
is zero (surface is vertical and facing south), then from (36), (37)...,(43):

11 = Sin z Sin A l
12= Sin z Cos A, 13 = Cos z .y (

"N•1 = 0, N 2 =1, N 3 =0, *-I,

. .in Z

Cos i = Sin z Cos A +x
-Z

Cos2i =2Sin2 zCos2 z- 1
Figure 431

The direction cosines of R (X, Y, and Z) from (59), (60) and (61) become

x= 0 (68)

= Cos 2 z Sin z = iT
Sin Z (69)• I Cos 2 Z

S-Sin 2 z Cos z + Cos z (2Sin2 Z 1) = Cos z (70)

Cos 2 Z

"Equation (32) becomes

R= Sinzj-Coszk (71)

From (30), a unit vector in the direction of an incident sun ray is

-I =-Sinzj-Coszk (72)
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